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Abstract
Understanding the fundamental principles behind transition metal ion doped
semiconducting materials has drawn immense interest when designing ideal systems for use in
optical and electronic devices. Dopant ions have been found to diffuse/migrate throughout solid
materials when the thermal energy of the system is elevated above a temperature boundary
allowing the cations and anions within a system to move freely. Nanomaterials such as 0dimensional (0D) quantum dots (QDs), 1D nanorods/nanowires, and 2D nanoplatelets have unique
dopant-location dependent optical and electronic properties which can be drastically altered based
on the final dopant sites and distribution throughout the material. This work focuses on the
mechanism of dopant ion migration behaviors within II-VI nanomaterials during post-synthetic
treatments including shelling, high temperature annealing, etc. Specifically, Mn doped CdS QDs
and ZnSe nanowires were passivated with ZnX (X = S or Se) shell coatings, at elevated
temperatures, were used as model systems to study dopant behaviors. This work demonstrates the
formation of a cation alloyed interface between the core and shell lattice forming an intermediate
lattice which provides a thermodynamically favorable sites for the dopant ions causing an outward
dopant migration. The dopant migration causes a decreased energy transfer between the hostlattice excitons and the dopant ions causing tunable fluorescent spectra. When temperatures were
elevated above a temperature boundary (Tb) where the host and shell cations are able to exchange
forming a globally alloyed QDs without a distinct core/shell interface, the dopant ions can continue
migrating and ultimately ejecting from the QDs. Once the Tb is surpassed, global alloying allows
the host excitons to delocalize further throughout the QD, increasing the host-to-dopant energy
transfer allowing for a versatile fluorescence.
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ZnS shell passivation; (b) Room-temperature X-band EPR spectra of Mn:CdS core
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94.0 G) are labeled for the Mn:CdS QDs. Only the Mn core site (Acore = 69.1 G) is
observed for Mn:CdS/ZnS core/shell QDs grown at temperatures above 120 °C. (c)
Zoomed-in view of the first peak of the Mn core EPR signal from (b); (d) the
linewidth of the first peak of the core Mn EPR signal during the ZnS shell
passivation.

Figure 4.3
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Normalized optical absorption (dotted lines) and emission (solid lines) of Mn:CdS
QDs and Mn:CdS/ZnS core/shell QDs, (b) PL intensity ratio of CdS and Mn, (c)
the Commission International de l’Eclariage (CIE) chromaticity coordinates, (d)
optical images of the samples under room (top) and UV (bottom) light, (e) the
central of Mn(II) emission peak, (f) the derived Mn(II) PL lifetimes, and (g) the
central of CdS PL peak of the Mn:CdS/ZnS QDs as a function of shelling
temperature, inset shows the Mn(II) PL decay kinetics as a function of shelling
temperature.
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Energy transfer efficiency (ΦET) and Mn emission efficiency (ФMn) calculated by
Eq. 4.3 and 4.4 for doped QDs as a function of shelling temperature.
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PL, Mn PL peak position, and PL intensity ratio of CdS and Mn of Mn:CdS/ZnS
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°C.
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°C, and (iv) 300 °C and Fourier transformed EXAFS (both the magnitude and real
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Cd K-edge (a) k2-weighted EXAFS of samples at (i) 120 °C, (ii) 200 °C, (iii) 260
°C, and (iv) 300 °C and Fourier transformed EXAFS (both the magnitude and real
part) for Mn:CdS/ZnS QDs annealed at (b) 120 °C and (c) 300 °C. In (b) and (c),
the markers are the data and the red lines are the fit to the data.
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Room temperature X-band EPR spectra of Mn:CdS QDs and Mn:CdS/ZnS
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Figure S4.8

Mn(II) PL decay kinetics of the Mn:CdS and Mn:CdS/ZnS QDs as a function of
shelling temperature. For all curves, the y-axis was in logarithm, and the peak
counts were fixed as 5000. All curves were fitted using triple-exponential kinetics.

Figure S4.9

(a) Normalized optical absorption (dotted lines) and emission (solid lines) of CdS
QDs and CdS/ZnS core/shell QDs, (b) the CdS PL peak location as a function of
temperature, and (c) Total PL QYs of the Mn doped CdS/ZnS core/shell QDs (with
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Figure S4.10 (a) PL excitation (PLE) spectra (solid lines, monitor the Mn PL peak maximum
position) and absorption spectra (dotted lines) of Mn:CdS and Mn:CdS/ZnS
core/shell QDs; (b) Peak position of the PLE spectra and the absorption spectra of
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200°C, (d) 220°C, (e) 260°C, and (f) 300 °C.
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Figure 5.1

(a) Schematic of the Mn:CdS/CdZnS/ZnS core/shell/shell QD synthesis with
inserted CdZnS alloy shell. (b and c) TEM images of Mn:CdS core and
Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) core/shell/shell QDs, where the scale bar represents
20 nm.
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function of CdZnS ML thickness; (d-f) Zn K-edge XANES for
Mn:CdS/CdZnS(x)/ZnS(5-x) (x = 0 – 2) QDs as a function of CdZnS ML thickness;
(g) Cd-S and Zn-S bond lengths as obtained from EXAFS fits versus the thickness
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(a) The Mn(II) PL peak position, (b) CdS PL peak position, (c) and the intensity
ratio of CdS PL and Mn(II) PL as a function of the number of total layers where 0,
1, 2 CdZnS ML core shell samples are indicated by red, green, and blue markers
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(c) 5 ML samples.
(a) Cd K-edge k2-weighted EXAFS of Mn:CdS/CdZnS(2 ML)ZnS(3) core/shell QDs
as a function of shell thickness; Fourier transformed EXAFS for the (b) 3 ML and
(c) 5 ML samples.
Room temperature X-band EPR spectra of (a, b) Mn:CdS/CdZnS(x)/ZnS(5-x)
core/shell QDs where x = 1, 2 respectively.
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Figure 6.1

Mn(II) PL decay kinetics of (a, b) Mn:CdS/CdZnS(x)/ZnS(5-x) core/shell QDs where
x = 1, 2 respectively. For all curves, the y-axis was in logarithm, and the peak counts
were fixed as 5000. All curves were fitted using triple-exponential kinetics.
(a) PL spectra of Mn-doped ZnSe and at different stages (panels I–IV) after
introduction of Cu and alloying with S. (b) PL spectra of Cu-doped ZnS and at
different stages after introduction of Mn and alloying with Cd. Column between
panels a and b shows the schematic presentation of the formation of dual-doped
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corresponding to the PL spectra presented in panels a and b. Excitation wavelength
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Figure 6.2

Schematic of doping Cu ions into ZnSe nanocrystals during Cd cation exchange.9

Figure 6.3

(a) Copper doping through partial cation exchange reaction by using copper-acetate
and copper-nitrate precursors. (b) UV−visible absorption and normalized
photoluminescence spectra and (c) room temperature time-resolved fluorescence
decay curves for undoped and 0.9% Cu-doped 4 ML CdSe NPLs synthesized using
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Figure 6.4

(a) Schematic presentation of various developed synthesis strategies. (I) Represents
typical high-temperature synthesis using chloride salts of Pb and Mn. It also
presents the increase of reaction temperature as well as Mn concentration, which
enhanced the doping efficiency. (II) Depicts the scheme of synthesis of Mn-doped
perovskites using ammonium salts at high temperature and HCl at room
temperature. (III) Shows the metal chloride-induced Mn doping via postsynthesis
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Chapter 1
Introduction
1.

Introduction
Hidden in various products across history, nanomaterials remained undiscovered until

current technological advances have made it possible to detect materials on the nanoscale. As such,
nanomaterials have been regularly used in society for thousands of years, unbeknownst to their
creators at the time. For example ancient Egyptians unknowingly used PbS nanomaterials with a
diameter of ~5 nm over 4000 years ago for hair dye.1 Since their discovery, the study of
nanomaterials has gained much interest throughout the scientific community due to their size
dependent properties.
The study of nanomaterials and nanotechnologies has become an attractive
interdisciplinary field in which the properties of the materials, primariyl vary based on the size,
ranging from 1 – 100 nm, and composition, heavily effect their applicability. Nanomaterials are
investigated to fundamentally understand of the design and fabrication coupled with the resulting
chemical and physical properties of said materials within the nanoscale. Particles confined to the
nanoscale, or nanoparticles (NPs), possess unique size/dimension-dependent properties as well as
a large surface to volume ratio, which can be utilized in various applications including in renewable
energy,2-5 manufacturing,6-9 medicinal,10-13 and environmental fields.14-16
Nanotechnology encompasses the application of a variety of nanoparticles including:
semiconducting,17-19 metallic,20-22 magnetic,23,

24

and porous NPs.25,

26

Each variation of

nanomaterial possesses unique chemical, physical, optical, and electronic properties making them
highly desirable for specific applications. Apart from their macroscale (i.e. bulk) counterparts,
1

semiconductor NPs constitute a new type of material due to the spacial confinement of host
excitons that occurs in single particles that are smaller in size than their Bohr excitation radius, i.e.
the quantum confinement effect, which makes them of interest for study and development as novel
fluorescent labels,27-29 light emitting diodes,30, 31 solar cells,32-34 and other electronic devices.35

Figure 1.1 Illustrative size comparison of nanomaterials. Copyright © AAT Bioquest.
1.1 Semiconductor Nanomaterials
1.1.1 Quantum Confinement of Semiconductor Nanomaterials
Semiconductor nanomaterials possess unique optical and electronic properties because
they experience the quantum confinement effect, where the particles are below a size in which
they can be compared to the wavelength of an electron. By breaking down the term quantum
confinement, we can further elucidate these materials in that quantum refers to the district atomic
levels of the NPs whereas confinement addresses the restriction of randomly moving electrons to
discrete energy levels. Therefore, the quantum confinement of semiconductor nanomaterials’ is
heavily influenced by their decreased dimensionality as seen in Table 1.1. The first reported study

2

where the quantum confinement effect was observed was published in 1981, Onushchenko et al.
where was the size of CuCl crystallites to were reduced to 3 nm, with a blue shift being observed
in the absorption spectrum.36 Since then, binary semiconductor nanomaterials have been
extensively studied and characterized, resulting in quantum confined nanomaterials differing in
composition, size, shape, and dimensionality from 0-dimensional (0D) quantum dots (QDs) to 1D
nanorods (NRs) or nanowires (NWs) and 2D nanoplatelets (NPLs) or quantum well (QWs).
Quantum dots (QDs) can be thought of as small fragments of a bulk lattice with the
dimensions Rx, Ry, Rz where all radii of the particles are below the Bohr excitation radius. The
Bohr exciton radius refers to the distance that separates the electron and hole within a
semiconductor. When a NP’s dimensions are comparable or below the Bohr radius, quantum
confinement of the electrons can occur. These three dimensionally confined particles, or “quasi0D” QDs permit electron freedom in all three dimensions. Nanomaterials confined in two
dimensions (i.e. Rx > Ry, Rz), or NRs/NWs, occur when the y and z axis remained constrained,
only allowing for the free movement of electrons in the x-direction. When a bulk lattice is confined
in to a singular dimension (i.e. Rx ~ Ry > Rz), NPLs or QWs are formed, which confine electrons
to the z-axis with the electronic degrees of freedom remaining in the x- and y-directions. Quantum
confinement results in the quantization of the bulk band gap, which in turn enhances the particleto-particle interactions (i.e electron-electron, electron-phonon, exciton-exciton).

3

Structure

Quantum Confined Dimensions

Free Dimensions

QDs

3

0

NRs/NWs

2

1

Nanoplatelets

1

2

Bulk Material

0

3

Table 1.1 Classification of quantumly confined materials
As the simplest form of nanomaterial, 0-dimensional QDs tie together the concepts of
molecular chemistry and physics in bulk materials. As seen in Figure 1.2, the band gap of QDs
have been found to increase, forming discrete energy levels, as the particles decrease in size below
the Bohr radius. Brus, et al37 described the change in band gap energy using equation 1.1,

𝐸=

ℏ2 𝜋 2
2𝑅 2

1

1

[𝑚 + 𝑚 ] −
𝑒

ℎ

1.8𝑒 2
𝜀2 𝑅

+

𝑒2
𝑅

𝑆 2𝑛

∑∞
𝑛=1 𝛼𝑛 (𝑅 )

(1.1)

where E is the energy gap, ℏ is Planck’s constant, R is the radius of the particle, me and mh are the
effective masses of the electron hole, ε2 is the dielectric constant of the material S is the distance
between the solvent and the exciton, and α is the polarizability. The versatility of these materials
have made them attractive components for applications in solar cells, optical displays, spintronics,
laser, and biological tags.30, 31, 33, 34, 38-41
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Figure 1.2 Schematic of the band gap as the dimensions of the semiconductor is reduced
1.1.2 Synthesis of Core/Shell Semiconductor NCs
Immobilized free radical energy levels lie within the semiconductor bandgap, where
electrons and holes can be trapped at the crystal surface, releasing said energy through a nonradiative pathway (Figure 1.5), thus lowering the overall PLQY of the semiconductor NC. These
nonradiative traps are often called dangling bonds, occuring at the surface of a semiconductor NC,
where an ion has an unsatisfied or incomplete valance shell. The organic ligands (amine, thiol, or
carboxylic acid) can bind to surface metal ions to reduce the number of the dangling bonds.
However, ligands can only passivate the metal ions at the surface, only covering part of the
dangling bonds as a result of the non-metal components remaining unsatisfied. Additionally, the
“bulkiness” of the surface ligand limits the surface density ligands can passivate, effectively
reducing the amount of surface trap states that can be covered to < 50%.

5

Figure 1.5 Scheme of defect energy levels within a semiconductor NC bandgap
In order to greatly reduce the number of dangling bonds at the surface of the NC, an
inorganic shell can be grown on the surface of the core semiconductor, forming a core/shell
structure. The core and shell material are typically composed of various type II – VI, IV – VI, and
III – V semiconductor materials. Inorganic shells allow for the tuning of the fluorescent
wavelengths, photoluminescent quantum yield (PLQY), and lifetime resulting in optically-active
NCs with greater efficiency. The shell material also acts as a barrier, protecting the core material,
from environmental changes, surface chemistry, and photo-oxidation. The shell is able to bind to
both the metal and non-metal components of the core, removing significantly more surface trap
states than ligand passivation, which greatly increases the PLQY of the core/shell NC. The
resulting core/shell NCs therefore become more viable in biological labeling and light-emitting
device applications, due to their enhanced emission properties.

6

When selecting a shell coating material a few criteria must be considered: lattice
size/mismatch, bandgap structure of core and shell material, and reactivity of shell material. In
order for a material to successfully bind to the surface of the core sample, the shell structure should
crystallize in the same crystal structure as the core in order to refrain from any added strain on the
structure. The shell crystal structure should have a lattice size close to (usually within 10%
mismatch) to that of the core lattice, limiting the number of defects forming at the core/shell
interface.
When passivating the surface of a core NC it is known that lattice strain can form between
the core and shell lattice at their interface due to the differentiating cation or anion sizes. The strain
developed during shell passivation is generated by changes in the interatomic distances (expansion
or reduction) between the core and shell lattices, which in turn varies the energy levels of the
bonding electrons. This proves significant, owing to the potential to significantly change the
optical and electronic properties of the NCs. Unlike bulk semiconductors, where the strain only
occurs at the surface of the material, effectively not inducing much change, NCs experience a
systematic change in the core and shell lattice when a thin shell is applied to its surface, ultimately
changing their respective properties. As such, lattice strain on thin-shelled materials allows for
discrete bandgap engineering that has been utilized in light-emitting diodes and laser applications.
Nie et al.42 investigated the effects of lattice strain within CdTe/ZnSe core/shell QDs as seen in
Figure 1.6. Based on the band alignment of their bulk counterparts, CdTe shelled with ZnSe
confines both the electrons and holes within the core, forming a type – I shell. Surprisingly, upon
epitaxial growth of a thin layer of ZnSe, the CdTe lattice (6.482 Å) compresses and the ZnSe lattice
(5.668 Å) expands to lower the strain. The changes in the lattice size shift the bandgap structures
of the corresponding core and shell lattice, forming a quasi – type II core/shell bandgap alignment.
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Figure 1.6 Schematic of band energy changes in quantum dots induced by lattice strain. (a) Lattice
strain of ordinary and strained (CdTe)ZnSe NCs, (b) Valence and conduction band energy levels
for the corresponding structures in a. The wavy arrows and their colors indicate band-edge
fluorescence emission and their approximate wavelengths. The horizontal band lengths correspond
to the thicknesses of the core and the shell. Relaxed nanostructures form standard type – I
heterojunctions but are converted to type-II behavior when the core is ‘squeezed’ and the shell is
‘stretched’ by the strain from heteroepitaxial growth.42
In order to reduce the lattice strain and defect formation at the interface of the core/shell
structure, it has been found that a gradient shell or alloyed interface can be inserted or grown
between the two lattices to alleviate the strain (Figure 1.7).43 The alloyed interface serves as a site
where the cation/anions from the core and shell lattices interchange, providing an intermediate
lattice size, preventing defect formation during shell passivation. Aside from lowering the defect
concentration at the core/shell interface, an alloyed interfacial layer has been shown to lower the
Auger recombination rate, increase the electron delocalization distance, and induce ion migration.
8

Figure 1.7 A schematic picture of the formation of a Zn(II) ion vacancy at a grain boundary and
subsequent lattice relaxation by ion migration to minimize lattice strain.43
Alloyed interfaces can be intentionally grown during the core or shell synthesis, where
precursors for the core and shell material are introduced into the system at the same time with the
gradient being controlled by the precursor reactivities. However, alloy formation has been
observed in core/shell NCs that were initially intended to have a distinct boundary. The gradient
shell forms due to the high thermal energy applied to the system during shell passivation as well
as the high diffusion potential from the metal ions. Various methods have been utilized to detect
and the thickness and composition of gradient shells including: high – resolution transmission
electron microscopy (HR – TEM) energy – dispersive X-ray spectroscopy (EDX), extended X-ray
absorption fine structure (EXAFS), and Raman spectroscopy.
Johnannessen et al.44 was able to quantitatively identify the gradient shell compositions
within ZnSe/CdS core/shell QDs, utilizing EXAFS to determine the coordination numbers of the
probed cations and counterions within the system. The alloyed interface formed within this system
due to the elevated shell passivation temperatures, as a means to reduce the lattice strain between
the two lattices. The EXAFS data paired with Raman spectra indicated that the temperatures
required for shell passivation would be sufficient for cation diffusion and the formation of a
gradient shell. Zheng et al. further investigated alloy formation between core/shell lattices within
CdSe/ZnS core/shell tetrapod NCs utilizing Mn2+ dopant ions as spectroscopic probe.43 Analyzing
the distinct high-frequency electron paramagnetic resonance spectroscopy patterns within the
9

core/shell structure, changes in the Mn2+ microenvironments were detected, indicating the
formation of heteroalloying at the core/shell boundary. The alloy layer formed to reduce the strain
energy resulting from the 12% lattice mismatch between the CdSe core and ZnS shell lattice.
A secondary factor that must be considered when selecting a shell material is the bandgap
alignment of the core and shell materials. The bandgap of the core and shell lattices determines
whether a type – I, II, or reverse type I shell is applied to the system as seen in Figure 1.8. Type I
core/shell systems result from the band gap of the core lattice being smaller than that of the shell
lattice, confining the electrons and the holes to the core lattice. The resulting core/shell NCs
experience a large increase in PLQY and resistance to photo-degradation by reducing the total
number of dangling bonds and the presence of inorganic surface material, which protects the core.
The absorption and emission peak locations are generally unchanged (a slight red-shift may occur
due to the delocalization of the electrons into the shell lattice) due to the radiative electron-hole
recombination remaining within the core lattice. Typical examples of Type I core/shell systems
are CdSe/ZnS, CdSe/CdS, and InAs/CdSe.
Type II core/shell NCs result when the valance and conduction band edges of the core
lattice are either above or below that of the shell lattice. The absorption and emission positions can
be adjusted based on the energy difference between the occupied states of the core/shell system.
Compared to the core NC, the emission wavelength can experience a large red-shift by reducing
the size of the optical relaxation pathway. Type II core/shell systems have promising applications
in photovoltaics due to the separation between electrons and holes of a semiconductor while also
having rapid electron transport properties. Typical examples of type II core/shell systems are:
ZnTe/CdSe, CdTe/CdSe, and CdS/ZnSe.
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Lastly, reverse type I core/shell NCs result when the core lattice valance and conduction
bands are larger than that of the shell lattice. The lowest energy/most favorable exciton localization
occurs when the charge carriers are in the shell lattice. A gradual red-shift in the bandgap is
expected as the shell thickness is increased atop the core lattice. Examples of reverse type I
cores/shell NCs are: CdS/HgS, CdS/CdSe, and ZnS/ZnSe.

Figure 1.8 Band gap alignment of the three types of core/shell systems. The upper and lower edges
represent the upper and lower energy edges of the core (green) and shell (blue)
1.2

Doping in Semiconductor Nanomaterials
The introduction and use of impurity (dopant) ions within semiconductor nanomaterials

has become a prominent method to tune the properties of novel materials. Doping allows for
greater transformation of the photo-physical properties simply through the introduction of dopant
ions into the host lattice. Doping studies have been a highly active research area in the chemical
field due to the ability of dopants to introduce phosphorescence, magnetic, and electronic
properties. Many challenges arise when attempting to dope a material such as: nanomaterials
tendencies to exclude dopant ions, dopant oxidation potential, and dopant diffusion and ejection
as the nanomaterials are annealed at elevated temperatures.
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Doping within nanomaterials was first observed by Bhargava et. al. when Mn2+ was
successfully incorporated into a nanocrystalline ZnS lattice.45, 46 An altered fluorescence was
observed due to the energy transfer from the host lattice to the electronic states of the dopant ions.
With and absorption peak position of 332 nm and a fluorescent peak centered at 584 nm, the dopant
ion caused a large separation in energy between the absorbed photon and emitted photon, called a
Stokes-shift, of 252 nm, whereas undoped QDs typically have a Stokes-shift of < 30 nm resulting
in self-absorption and lowered resulting PLQYs. The use of a transition metal (paramagnetic)
dopant ions within the semiconductors additionally introduces new magnetic properties into the
crystal, forming dilute magnetic semiconductor (DMS) NCs. Therefore, The use of paramagnetic
transition metal dopant ions in semiconductor nanomaterials has been an attractive field since the
materials could be used for spintronic and quantum information processing applications.47 Efros
et. al. simulated the use of single spin nanomaterials as a voltage – controlled spin valve.48 Bulk
DMSs,on the other hand, are limited by their strong sp-d exchange interactions between the host
lattice and the dopant ions. These interactions can create large magnetic and optical effects within
the semiconductors, but it has been theorized that when the particles are quantumly confined, the
Zeeman splitting is reduced.49
1.2.1 Four Developed Doping Strategies

12

Figure 1.9 General synthetic approaches to colloidal NC doping where the orange, green, and red
dots represent host cations, anions, and dopant ions respectively; schematic representation of (a)
single source precursor doping, (b) growth doping, (c) nucleation doping, (d, e) diffusion doping
strategies.50
Dopant ions can be introduced into a system using a variety of different methods, whether
it be by single source precursor (SSP) (Figure 1.9a), growth and nucleation (Figure 1.9b, c), or ion
diffusion doping (Figure 1.9d, e). Utilization of SSPs, or metallo – organic molecules that possess
and inorganic cluster containing both the cations and anions of the desired NC product (Figure
1.10). Through a simple heating process, the SSP becomes thermally unstable and decomposes to
form NCs. The SSP method, upon proper design, gives way for precise control of the resulting
NCs stoichiometry, phase and morphology. When designing a SSP reaction, it is imperative that
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the binding energy between the inorganic cluster elements are compared to the binding energies
between the clusters and the coordinating ligands. If the binding energy of the cluster is similar or
below that of the cluster to coordinating ligands, a nonselective decomposition can occur and NCs
may not be formed.

Figure 1.10 Schematic representation of CdX (X = S or Se) single source precursors combined
with dopant ions to form doped NCs.51
Having shown promising results in NC synthesis, SSP methods became an appealing
doping strategy. In most cases, the dopant ion was not incorporated into the SSP due to poor
stoichiometry and universal composition uniformity throughout the NCs.52, 53 Rather, SSPs have
been used to balance the reactivities between the dopant ions and host lattice components. For
14

example, Bawendi et al. utilized Mn2(µ-SeMe)2(CO)8, dimethylcadmium, and a TOPSe solution
to achieve uniformly doped CdSe QDs.54 Upon the exchange of the Mn-Se SSP with Mn(CO)5Me,
only surface bound Mn was observed as indicated by the loss of electron paramagnetic resonance
(EPR) spectroscopy signal after pyridine treatments. Much of the development of the SSP method
has proven successful for the incorporation of dopant ions into NCs, with the major limiting factor
being the lack of control of dopant depth within the NCs.
Nucleation doping is a synthetic approach where the dopant and host ions are mixed
together when NC nucleation occurs. The reaction parameters (atmosphere, pressure, and
temperature) and precursor reactivity are set so the dopant ions will nucleate first (core), followed
by growth of the host lattice (shell) forming a core/shell structure. The core/shell structure initially
has a distinct core/shell interface, but after annealing at high thermal energies, the dopants ions are
able to diffuse outward into the host lattice, with the extend of diffusion related to annealing time.
For instance, Peng et al. synthesized Mn doped ZnSe QDs, where MnSe core NCs were first
synthesized followed by the addition of zinc acetate which then formed a ZnSe shell/surface.55
After adjusting the shell coating temperature and the reactivity of the zinc precursor, dopant
diffusion towards the ZnSe/surface of the NC was achieved, resulting in global alloying to
Mn:ZnSe NCs..
During growth doping, host NCs are first synthesized followed by the introduction of a
dopant precursor allowing the dopant ions to adsorb onto the surface. The dopant ions are then
encapsulated into the lattice by the sequential growth of the core with the addition of host or shell
material. The growth doping strategy enables precise control over the dopant location within the
core or core/shell NC, depending on the size of the starting core and proceeding encapsulation
layers. Cao et al. were able to use growth doping to achieve Mn doped CdS/ZnS QDs where the
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dopant ion was placed at different distances within the core/shell QDs.56 The effects of the binding
strength on the final doping concentrations were tested through the use of various Mn precursors
with different reactivities. Growth doping has also been utilized to introduce Cu+/2+, Co2+, and
dual-dope Mn2+ and Cu+/2+ into various II – VI semiconductor NCs providing new and unique
properties.57-59
Utilization of ion diffusion to introduce dopants into a host lattice can be thought of as a
subsection of growth doping, where diffusion is required for lattice incorporation rather than
surface adsorption. Recent studies into the diffusion potentials of ions within NCs suggest that
ions are able to move at a significantly faster rate and at much lower temperatures in nanomaterials
when than in their bulk counterparts.60 The rapid reaction kinetics in nanomaterials is heavily
dependent on their high surface-to-volume ratio as well as their decreased nucleation activation
energy required to form a new phase. Diffusion doping ultimately stems from cation exchange
reactions, where, based on the cation concentration and coordinating ligands, incoming cations are
able to replace existing cations in a solid material. By lowering the total concentration of incoming
dopant ions, dopant incorporation, without complete cation exchange can be achieved. As such,
Peng et al. were able to monitor the diffusion of Cu+/2+ and Mn2+ in ZnSe QDs, followed by
subsequent dopant ejection at elevated thermal annealing temperatures.61 The dopant diffusion was
able to be achieved at temperatures as low as 40 °C and ejection was observed at ~230 °C, whereas
significantly higher temperature are necessary for similar behavior in bulk ZnSe.
1.2.2 Properties of Optically Active Doped NCs
Certain transition metal ion dopants are optically active, providing a method to tune the
fluorescence of the host NC. Among the optically active dopants, the most explored have been
Mn2+ and Cu+/2+. The dopant ions introduce new energy levels that possess their own carrier
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dynamics, such as the spin forbidden optical transitions within the d-electrons of Mn2+ dopant ions,
which in turn extends the fluorescent lifetimes. Dopant emission results when energy transfer from
the host lattice exciton to the new energy levels of the dopant ions, as seen in Figure 1.11. Energy
transfer efficiency between the host lattice and the dopant ions is heavily dependent on the dopant
concentration, location, and bandgap structure of the host lattice, leading to very optically unique
NCs when one or more of these variables are changed.

Figure 1.11 Energy level diagram for Cu2+ and Mn2+ doped semiconductor NCs, where ST
represent the surface trap states
The use of Mn2+ ions as dopants for semiconductor NCs has resulted in the formation of
materials with interesting photo-physical properties that give way for use in technological
applications.53, 62, 63 Mn2+ doped systems typically exhibit a broad dopant emission ranging from
~580 nm – 600 nm stemming from the internal d-d state transition between the 4T1  6A1
orbitals.53, 64-68 After photoexcitation of the host NC, energy is transferred from the excitons to the
4

T1 d-state which allows the Mn2+ dopant ion to harness all the energy from the NCs large
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absorption cross-section.53 The dopant emission typically introduces a large Stokes-shift and is not
effected by a change in NC size.41, 69 The low levels of self-absorption/quenching make Mn2+
doped NCs very useful for biological labelling or solar energy harvesting.
Although the Mn2+ dopant emission is unaffected by a change in the host lattice’s bandgap,
due to the set internal d – d transition states, small deviations in the PL peak position can be used
to track the depth of the dopant ions within the core or core/shell lattice. For example, Ithurria et
al. were able to track the shifts of the Mn2+ PL as the dopant ion was placed as various depths of
CdS/ZnS core/shell QDs.70 It was found that the application of addition radial strain or pressure
on the dopant ions could induce a redshift in the Mn2+ PL as a result of the contraction of the 4T1
and 6A1 energy states. Utilizing the spherical symmetric continuum elastic model, the dopant
location can be estimated simply by analyzing the PL peak position during the core or core/shell
synthesis.
Unlike the emission from Mn2+ doped systems, Cu dopants emit from a charge-transfer
recombination from the conduction band electrons of the host and the holes in the d-orbitals of the
Cu dopants.55, 71, 72 The d-orbitals of the Cu dopant typically reside above the valance band of the
host NC and remains coupled to the conduction band, resulting in size dependent emission and
fluorescent lifetimes (i.e. Cu emission red-shifts with host lattice growth). Cu doped systems have
been shown to have great versatility in emission range with near – IR emissions being achieved in
CdS,73-75 InP,76 and core/shell ZnS/Zn1-xCdxS QDs,77 and blue – yellow (400 nm – 500 nm)
emission resulting from wider bandgap semiconductors, such as Cu doped ZnS78 and ZnSe.79, 80
An increase in fluorescent lifetime is also observed due to the energy transfer pathway to Cu being
optically forbidden.
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Optically active dopants emission efficiency has been found to be dependent on the dopant
lattice site which can alter the properties of the host material. The host can either be internally
doped, where the dopant ions are integrated within the host lattice of the core material
(coordination number: 4), near the surface (coordination number: 4), or on the surface
(coordination number: 2), where the dopants are bound to the host lattice, but are located on the
exterior of the material.
Utilizing a growth doping method, Cao et al. investigated the dopant location dependent
optical properties within Mn doped CdS/ZnS core/shell QDs, finding that when Mn ions were
placed at three different locations (within the core, at the core/shell interface, and within the shell),
notable changes in the optical properties resulted.67 The energy transfer between the host lattice
and Mn energy levels was found to be heavily dependent on the Mn location with the QDs, as seen
in Figure 1.12. It was also discovered that dopant concentration played a large role in the energy
transfer efficiency. As the dopant concentration increases from 0.01 atom % to 0.44 atom %, the
Mn PL continuously increases until the host emission is quenched, indicating a complete energy
transfer.
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Figure 1.12 A scheme of Mn-doped CdS/ZnS core/shell nanocrystals with different Mn
positions: (a) inside the CdS core, (b) at the core/shell interface, and (c) in ZnS shell. The final
core/shell particles (i.e., IIIa, IIIb, and IIIc) have CdS core diameter of 3.8 nm (with a standard
deviation σ of ∼8%) and ZnS shell thickness of 1.5 nm (σ ∼8%). Also shown are the PL spectra
(in red) and PL excitation spectra (in blue, λem = 600 nm) of the core/shell nanocrystals: (d) IIIa,
(e) IIIb, and (f) IIIc. The corresponding EPR spectra (taken at 9.5 GHz and 6 K) are shown in panel
g as the black (IIIa), blue (IIIb), and red (IIIc) lines. Inset is a zoom-in plot of the third peak of
these EPR spectra.67
When analyzing the optical properties of doped semiconductors, the wave function overlap
between the host exciton and dopant ion is directly related to the dopants proximity to the core.56,
67, 81

Son et al. monitored the photo-physical properties of Mn doped CdS/ZnS core/shell NCs,
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where the distance that the dopant ions were placed within the shell (i.e. growth doping) of the
structure was varied and monitored through transient absorption.81 The ZnS shell was grown
monolayer by monolayer in order to precisely control the dopant distance within the core/shell
lattice, as seen in Figure 1.13. The rate at which the exciton-to-dopant energy transfer occurred
demonstrated a nearly six-fold increase as the dopant was moved 1.2 nm closer to the core lattice.
The PLQY of the dopant emission was also found to be dependent on the dopant ions radial
distance from the core lattice, in that the PLQY will decrease with an increasing distance from the
core.

Figure 1.13 Schematic diagram of the structure of the Mn-doped CdS/ZnS NCs and exciton wave
function distribution; d is the radial doping location of Mn2+ ions (yellow dots). VB and CB are
valence and conduction band, doping location-dependent energy transfer rate constant (1/τET). The
solid lines are trend lines assuming the energy transfer rate is linear to the average Mn doping
concentration.81
Uniformity in the dopant locations (i.e. even dopant diffusion throughout the crystal) has
also proven to be challenging. As such, Bender et al. discovered that Nd3+ diffusion was highly
dependent on the dopant-concentration within BaF2 crystals.82 When the dopant (Nd3+)
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concentration was held below 10 %, the Nd3+ was found to successfully integrate into the host
lattice, however higher dopant concentrations resulted in the formation of distinct regions of
neodymium fluoride throughout the crystal, as evidenced by X-ray diffraction measurements.
Dopant clusters impeded the host to dopant energy transfer ultimately negating the effects that said
dopant would typically introduce to the system.
Given that the variability in photo-physical properties of doped materials is limited to the
dopant concentration, dispersion throughout the NC, and proximity to the host lattice, it has
become vital to understand thedopant ion’s behavior within their host system. All of the
aforementioned studies, believed that the dopant location and concentrations were maintained
throughout the reaction. However, it is known that when subjected to elevated thermal energy (i.e.
during post-synthetic shell passivation) ions, both host and dopant, have the ability to migrate
throughout the semiconductor NC.
1.3 Dopant Behaviors Within Semiconductors
Dopant ions have distinct behaviors within host lattice which ultimately determine the final
properties of the NCs. Under sufficient thermal conditions, dopant ions are able to experience
surface absorption and lattice incorporation, lattice diffusion, and lattice ejection as seen in Figure
1.14. Peng et al. monitored the four different dopant behaviors using optically active dopants in
ZnSe NCs.61 Optically active dopants allow for precise monitoring of dopant positions within the
NC simply using optical spectroscopy and track the energy transfer efficiency between the host
lattice and dopant ions in the fluorescent spectra.
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Figure 1.14 Schematic illustration of dopant behaviors in ZnSe NCs.61
Surface absorption and lattice incorporation refers to the binding of a dopant ion to the
surface of a previously undoped NC and further diffusion into the host lattice. As the dopant ions
bind to the surface and move into the lattice, the overlap between the host lattice and dopant wave
functions begins to get stronger effectively changing the photo-physical properties. Peng et al. first
detected surface absorption and sequential lattice incorporation of Cu+/2+ in ZnSe QDs. Upon the
addition of a highly active dopant precursor, at relatively high concentrations, the dopant ions
attach to the surface of an undoped NC surface and begin coupling with the host lattice. After
annealing, at elevated temperatures, the surface-bound dopant ions are further integrated into the
core lattice allowing for increased overlap between the host excitons and the dopant energy levels.
While annealing a solution of ZnSe NCs with copper-oleate at temperatures between 30 – 100 °C,
a decrease in the host lattice emission and increase in the dopant emission, as seen in Figure 1.15.
The initial quenching of the host lattice emission was attributed to surface absorption of the dopant
ions, which act as surface trap states reducing fluorescence. The following increase in dopant
emission PLQY with annealing, indicated lattice incorporation of the dopant ions.

23

Figure 1.15 (A) Temporal evolution of the bandgap PL of ZnSe NCs upon the addition of
copper oleate at 40 °C. (B) PL spectra of ZnSe NCs after reacting with copper oleate for 100 min
at different temperatures.61
Lattice diffusion and subsequent ejection was further monitored utilizing a nucleation
doping strategy. Lattice diffusion refers to the dopant ion’s movement withing the host NC, in this
case from the center of the host NC towards the surface, during shell growth or annealing
experiments. If the NCs are provided sufficient annealing time and temperature, the dopant ions
can diffuse to the surface of the NC and completely dissociate from the NC (i.e. lattice ejection).
Peng et al. demonstrated lattice diffusion and ejection while shelling Cu2Se NCs with ZnSe at
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differing temperatures.61 Shelling temperatures of 220 °C or below allowed for the outward
diffusion of Cu+/2+ into the ZnSe shell lattice, increasing the host – dopant coupling and elevating
the Cu PLQY. When the ZnSe shell growth temperature was raised above 220 °C, the PLQY of
the dopant emission decreased, indicating the possibility of dopant diffusion towards the surface
or complete lattice ejection. Lattice ejection was further confirmed by annealing the Cu:ZnSe NCs
at 80 °C that were previously shelled at 250 °C. The PLQY of the Cu emission and the Cu+/2+ ion
concentration within the NC both fell to 0%, indicating all dopant ions had been ejected from the
ZnSe NCs.
1.3.1 Diffusion in Bulk Semiconductors
Diffusion is defined at the movement of atoms throughout space which can occur in all
forms of matter. The act of diffusion involves atoms and/or defects migrating between adjacent
lattice cites when sufficient thermal energy is applied to the system. It is known that atoms tend to
migrate from high concentration to low concentration areas by a thermal gradient, as seen in Figure
1.16 below. As the system decreases in energy from the gas phase to the solid phase, the thermal
energy required for migration to occur increases, making diffusion with solid crystalline samples
challenging. A complete understanding of diffusion tendencies, whether it be the host atoms or
dopant ions, within solid systems is crucial due to the fact that the final atom placement greatly
affects the properties of the final sample.
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Figure 1.16 A schematic example of interdiffusion within a solid sample over time
The capability to diffuse or diffusivity of an atom through a lattice is proportion to its’
corresponding diffusion coefficient, D. When an ion is able to flow one dimensionally parallel to
the x-axis of a system we are able to use Fick’s equation,
𝜕𝑐

𝐽 = −𝐷 𝜕𝑥

(1.2)

where J is the rate of transfer per unit area of the given lattice section, and c is the concentration
of the diffusing atoms. We can then solve for J, resulting in equation 1.3.
𝜕𝑐
𝜕𝑡

𝜕2 𝑐

= 𝐷 𝜕2 𝑥

(1.3)

If the lattice is assumed to be semi-infinite after x = 0, and the surface concentration at x = 0 is
maintained at a constant value of c0, then equation 1.3 can be adjusted to,
𝑥

𝑐 = 𝑐0 𝑒𝑟𝑓𝑐 (2 √𝐷𝑡)

(1.4)
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where erfc is the complementary error function. If a fixated amount, M, of the diffusing ions are
applied on the surface at x = 0 and t = 0, equation 1.4 can be solved for concentration.
𝑀

x

𝑐 = 2√𝜋𝐷𝑡 e(− 4Dt)

(1.5)

Diffusivity has been found to be heavily dependent on the thermal/ kinetic energy applied/within
a system, which then infers that D generally follows the Arrhenius equation,
𝑄

𝐷 = 𝐷0 𝑒(− 𝑘 𝑇)
𝐵

(1.6)

where kB is the Boltzmann’s constant, T is the temperature, D0 is the pre-exponential constant, and
Q is the activation energy of the particular atom or defect. The culmination of these equations
allows ions diffusion/migration to be represented by adjustments to the reaction temperature
during synthetic or post – synthetic treatments. As illustrated in equation 1.6, the diffusion of ions
is proportional to the thermal energy applied to the system, meaning that host or defect diffusion
can be facilitated by an increase in temperature. Knowing this, the diffusion rate/magnitude can
be finely controlled and monitored within semiconductor systems allowing for the fabrication of
unique solids (alloy, gradient core/shell systems, evenly dispersed doped systems).
Diffusion typically occurs through two mechanistic approaches, defect driven and nondefect driven with the largest contributor to diffusion being the latter case. Defect driven
mechanisms involve two adjacent ions diffusing/exchanging lattice sites simultaneously. In group
VI semiconductors, the defects that allow diffusion are primarily vacancies located throughout the
lattice in interstitial sites (i.e. Schottky defects). When working with binary semiconductors (group
III – V, II – VI), two distinct sublattices form, cation and anion, with each lattice possessing their
own vacancies and interstitial sites as well antisite defects scattered throughout the lattice. When
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a cation vacancy (VCd) is formed in a semiconductor lattice, such as CdS, a neighboring Cd ion
can migrate to and occupy the vacancy site. The act of filling a cation vacancy by lattice hopping
can also be performed by dopant ions.
Both host- and dopant diffusion have been observed and well characterized in group IV,
III – V, and II – VI semiconductor systems to act according to Arrhenius behavior (i.e. temperature
dependent). II – VI semiconductor systems present unique opportunities to tune cation and anion
positions due to their elevated diffusivity potentials when compared to both group IV and III – V
semiconductors. Anion diffusivity across all II – VI semiconductors has been shown to be
inversely proportional to increases in cation partial pressure applied to the system, until the cation
partial pressure reaches a saturation point, at which the diffusivity of the anions begins to rise
again. This demonstrates that during low cation partial pressure, anion diffusion occurs due to the
formation of neutral anion interstitial sites or neutral anion anitsites/vacancies, which then changes
to anion vacancy hopping when the cation pressure is increased.
Cation (host or dopant) diffusivity on the other hand is more complicated with each
compound having their own unique cation diffusivities. Undoped II – VI semiconductor cation
diffusivity has been found to be unaffected by changes in the cation partial pressure, indicating
that the cations migrate across neutral complexes (i.e. cation interstitial/ cation vacancy pairs or
cation/anion vacancy pairs. Incorporation of n- or p – type dopant ions has been shown to increase
diffusivity due to the formation of charged defect sites located throughout the lattice caused by the
dopant ions. Mn2+ migration within undoped and In – doped Cd0.75Mn0.25Te thin films showed that
diffusivity increase by a factor of ~200 when In3+ was introduced to the system.83 The increased
diffusivity can be attributed to vacant cation sites created when In3+ is incorporated into a CdTe
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lattice. In order to remain neutrally charged the In3+ will form In2S3 complexes, thus binding to an
additional S ion and creating a cation vacancy for the Mn2+ ions to migrate towards.
Cation diffusion, either host or dopant, in bulk semiconductors has primarily been
monitored using secondary ions mass spectroscopy (SIMS), due to its ability to measure atomic
concentrations between 1016 – 1022 cm-3 with spatial resolution in the nanometer range allowing
for detailed diffusion pathways to be observed. Although significant progress has been made in
diffusion within bulk semiconductors, the diffusivity of ions within nanomaterials is still relatively
unknown. Having similar characteristics and behaviors to their bulk counterparts, semiconductor
nanomaterials have exhibited unique diffusion potentials that, at times, prove to be significantly
higher than previously expected, leading to new photo – physical properties.
1.3.2 Dopant Diffusion in Semiconductors Nanomaterials
Cation/dopant diffusion has previously been observed and tracked in various bulk
semiconductor materials, with little resolve in the nanomaterial realm. As previously mentioned,
Peng et al. monitored the outward diffusion of Cu+/2+ ions within ZnSe NC during shelling/thermal
annealing.61 Gamelin et al. further studied dopant diffusion patterns within CdSe QDs using Mn2+
ions as the dopant ions and the introduction of excess Se2- ions as a driving force for dopant
absorption and incorporation.84 Traditional doping approaches (i.e. nucleation doping), such as the
one utilized by Gamelin, require a kinetic – based control of the cation reactivities within the
reaction mixture to allow the dopant ions to compete with the host cations and successfully
integrate themselves into the host lattice. Gamelin’s doping strategy therefore utilized
thermodynamics to control the cation and dopant ions in solution, allowing for surface adsorption
and lattice incorporation to achieve high doping concentrations as seen in Figure 1.17.
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Figure 1.17 Incorporation of impurities into NCs under (A) kinetic or (B) thermodynamic control.
Under kinetic control, impurities compete with host nutrients for surface binding sites and are
internalized via subsequent crystal lattice overgrowth. Under thermodynamic control, impurities
enter the NC lattice under quasi-equilibrium conditions, driven by entropy, and are internalized
via diffusion of the crystal ions.84
It was found that in order to successfully dope the CdSe NCs and prevent Ostwald ripening
(caused by elevated thermal energy needed for the reaction) the chemical potentials (µx where x =
Cd or Mn) of the cations, both Cd and Mn, need to be adjusted in the diffusion reaction. Addition
of low concentrations of dopant ions during annealing at 300 °C resulted in Ostwald ripening with
no observable dopant incorporation occurring. The low concentration of Mn2+ ions results in an
elevated µMn within the QD and low µMn in solution, resulting in the dopants staying in solution
rather than adhering to the QD. The close proximity between the chemical potentials of the QDs
and solution resulted in Ostwald ripening. Elevated dopant concentration therefore limits Ostwald
ripening, but still does not allow for any dopant diffusion into the lattice as a result of an increase
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in both µMn and µCd in solution. In order to lower µMn in solution, excess selenium was introduced
into the system with a low concentration of Mn2+ ions, resulting in successful dopant adsorption
and incorporation yet still caused Ostwald ripening. Culminating the results from the
aforementioned experiments, excess selenium was added to lower the solvent µMn and high
concentrations of Mn2+ were used to raise the QD µCd, which were then annealed with the CdSe
QDs resulting in successful doping with little to no Ostwald ripening.
The Mn2+ diffusion was found to follow a two-step mechanism, the first being surface
binding of Mn2+ to form MnSe layers on the surface of the CdSe QDs as indicated by the increase
in QD diameter. Upon the addition of the Se dense surface, Cd ions from the core migrate towards
the surface and occupy the new vacancies at the surface of the QD, thus causing internal vacancies
within the core lattice. The newly formed internal vacancies can then be filled with Mn ions.

Figure 1.18 Microscopic Contributions to NC Diffusion Doping.85
The ability of dopant ions to diffuse into and subsequently out of the lattice was further
studied by Gamelin et al., where Mn2+ ions were kinetically doped into CdSe QDs, similar to the
aforementioned study,84 and removed via a cation exchange reaction.85 The dopant ions were able
to be replaced with Cd ions when an excess of Cd was added to the solution due to the higher
binding energy of Cd – Se (~310kJ/mol) bonds when compared to Mn – Se (~210 kJ/mol). The
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replacement reaction was also proven advantageous according to hard soft acid base (HSAB)
theory, where soft acids bind more favorably to soft acids, and in this case Cd was the softest of
the two acids.
Knowing that the diffusivity of a system is proportional to the thermal energy applied to a
system, the dopant location can be altered simply by adjusting the temperature of the system. In
nucleation doped, growth doped, and post – synthetic surface treated (i.e. surface passivation) NCs,
elevated temperatures are applied where the dopant ions are typically going to migrate towards the
surface of the NC, effectively lowering the energy transfer efficiency. In order to prevent dopant
migration within NCs, and ultimately the alteration of the photo – physical properties, the
temperature must remain below the activation energy of said dopant ions. Therefore, a deeper
understanding of dopant migration is necessary for an array of dopant, which can be monitored
using optical spectroscopy, HR – TEM/EDX, and powder XRD.
1.4 Challenges in the Control of Dopant Location and Distribution Inside NCs
The fundamental challenges that limit the synthesis and utilization of doped semiconductor
nanomaterials lye in the ability of scientists to control the dopant location and distribution
throughout the host NC. As previously stated, dopant ions have the tendencies to migrate
throughout core or core/shell NC when the thermal energy applied to the system is sufficient
enough to induce cation migration. The physio-optical properties of doped NCs, being heavily
influenced by the dopants proximity to the host lattice, can therefore rapidly change throughout
the synthesis process, making the ability to monitor and control the dopant location vital for their
application in today’s devices.
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The underlying scientific concepts discussed in this dissertation focus on a fundamental
understanding of dopant ion migration during post-synthetic shell passivation, including the
precise monitoring and control of dopant migration through the incorporation of atomic traps
within core/shell NCs. In Chapter 2, I describe the Mn2+ ion patterns within Mn doped CdS/ZnS
core/shell QDs. I analyze the alloyed interface formation that occurs between the CdS and ZnS
core and shell lattices, respectively, and the effects the intermediate cation site has on the dopant
ions. In Chapter 3, I will discuss the facile synthesic method of growing 1D Mn doped ZnSe/ZnS
core/shell NWs through a hot injection method. Dopant migration patterns were then monitored in
this system with a dependence on cation versus anion alloyed interface through the incorporation
of a CdS monolayer during the shelling process. In Chapter 4, a single source shelling precursor
method is utilized to form Mn doped CdS/ZnS core/shell QDs. The effects of thermal ramping (up
to 300 °C) on dopant migration and eventual dopant diffusion and ejection as the temperature
surpasses a temperature boundary, are also covered. Finally, in Chapter 5, I will detail the effects
of atomic trap states on dopant migration dependent migration distances from the core by applying
Cd1-xZnxS atomic trap states within Mn doped CdS/ZnS core shell NCs. The current data suggests
that dopant ions are able to migrate further into the shell material in proportion to the increased
atomic trap thickness.
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Chapter 2
Controlled Dopant Migration in CdS/ZnS Core/Shell Quantum Dots
Reprinted (adapted) with permission from (Hofman, E.; Robinson, R. J.; Li, Z.-J.; Dzikovski,
B.; Zheng, W., Controlled Dopant Migration in CdS/ZnS Core/Shell Quantum Dots. Journal of
the American Chemical Society 2017, 139 (26), 8878-8885. Copyright (2017) American Chemical
Society.
The physical properties of a doped quantum dot (QD) are strongly influenced by the dopant
site inside the host lattice, which determines the host–dopant coupling from the overlap between
the dopant and exciton wave functions of the host lattice. Although several synthetic
methodologies have been developed for introducing dopants inside the size-confined
semiconductor NCs, the controlled dopant-host lattice coupling by dopant migration is still
unexplored. In this work, the effect of lattice mismatch of CdS/ZnS core/shell QDs on Mn(II)
dopant behavior was studied. It was found that the dopant migration toward the alloyed interface
of core/shell QDs is a thermodynamically driven process to minimize the lattice strain within the
NCs. The dopant migration rate could be represented by the Arrhenius equation and therefore can
be controlled by the temperature and lattice mismatch. Furthermore, the energy transfer between
host CdS QDs and dopants can be finely turned in a wide range by dopant migration toward the
alloyed interface during ZnS shell passivation, which provides an efficient method to control both
the number of the emission band and the ratio of the emission from the host lattice and dopant
ions. This
2.1

Introduction
Semiconductor nanocrystals or quantum dots (QDs) are of significant interest owing to

their unique dimension-dependent electronic and optical properties.1-4 The incorporation of
transition metal ions as dopants into QDs could lead to multifunctional nanoparticles by
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introducing new optical, electronic, and magnetic properties to the nanocrystals.5-14 In general,
intentional doping into the core of a nanocrystal is difficult due to the high surface energies for ion
addition to a growing nanocrystal facet5 and the propensity for self-annealing.15 In the past two
decades, significant progress has been made in the synthesis of doped QDs. Successfully doping
can be achieved by a predoped single source precursor,7,

8, 16, 17

nucleation doping,18 growth

doping,19, 20 ion exchange and diffusion,21, 22 and so forth.23, 24 In addition, it has been reported that
the dopant sites have profound effects on the properties of the doped QDs.20,25,26 The Cao group
has studied Mn dopant site-dependent optical properties of CdS/ZnS QDs, where Mn radial
position is precisely controlled in specific lattice sites such as inside the core, at the interface, and
in the shell with an assumption of perfect epitaxy maintained at the core–shell interface.25 They
found that the optical properties of the doped core/shell QDs can be tuned by controlling the depth
of the dopant position in the core/shell QDs. Therefore, it is fundamentally important to understand
the spatial distribution of the dopant and charge carriers in doped core/shell QDs, which play a
crucial role in determining the final physical properties of the doped nanocrystals.
In core/shell structured nanomaterials, the heteroepitaxial growth of shell materials with a
small lattice mismatch can lead to an alloyed interface to release the lattice strain and reduce the
defect states at the core/shell interface and the shell layers.27-30 For example, the formation of an
alloy interface through ion exchange and diffusion in the interface of CdSe/ZnS core/shell
tetrapods has been reported.31 Although the alloy formation at the interface of the core/shell
structured nanomaterials has been widely accepted, the behavior of the incorporated dopant during
the sample post-treatment, such as shell passivation, is still largely unknown. Specifically, how
the dopant distribution and dopant–host lattice interactions are modified in the presence of
core/shell heterojunctions are still unexplored.
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In this work, we studied how lattice mismatch between the core and shell lattice influences the
dopant behavior and properties of doped core/shell QDs. Mn(II) stochastically doped CdS QDs
(Mn:CdS) were chosen as the core of the core/shell QDs because the emission of Mn(II) is centered
at ∼580 nm and can be easily observed when doped inside the CdS lattice. Therefore, the possible
dopant migration could be detected by fluorescence spectra. We further grew a ZnS shell on the
top of the Mn:CdS QDs to obtain Mn:CdS/ZnS core/shell QDs using a successive ion layer
adsorption and reaction (SILAR) method. In the SILAR method of shell growth, the layer-by-layer
ZnS shell coating not only offers precise control of the shell thickness, it also allows us to monitor
the ion diffusion and alloying process in great detail. We found that the lattice mismatch between
the core/shell interface has a profound effect on the dopant ion migration, whose rate depends on
the temperature and time of shell growth. Most importantly, we are able to thermodynamically
control the ion migration toward the alloy interface during the shell coating process to achieve
doped QDs with tunable optical properties. The behavior of dopant migration is important for
understanding the fundamental properties of doped systems in a well-defined environment.
2.2

Methods

2.2.1 Chemicals
Cd(NO3)2·4H2O

(≥99.0%,

Sigma-Aldrich),

sulfur

(99.998%,

Sigma-Aldrich),

Mn(NO3)2·H2O (99.99%, Sigma-Aldrich), oleylamine (OAm, 70% technical grade, SigmaAldrich), 1-dodecanethiol (DDT, ≥98%, Sigma-Aldrich), oleic acid (90%, technical grade, SigmaAldrich), hexadecylamine (HDA, 90%, technical grade, Sigma-Aldrich), 1-octadecene (ODE,
90%, technical grade, Sigma-Aldrich), ethanol (≥99.5%, VWR), toluene (≥99.5%, EMD
Chemicals), and rhodamine 6G (Sigma-Aldrich) were used as supplied.
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2.2.2 Synthesis of Mn:CdS Core
Mn(II) stochastically doped QDs were synthesized by a colloidal hot-injection technique.
In a typical synthesis, 41.2 mg (0.130 mmol) of Cd(NO3)2·4H2O, 5.82 mg (0.033 mmol) of
Mn(NO3)2·H2O, 0.167 mL of DDT, and 10 mL of OAm were mixed in a three-neck flask. The
mixture was degassed for 40 min at room temperature and another 10 min at 100 °C. The mixture
was refilled with argon and kept at 110 °C for 0.5 h. Then, 0.667 mL of a 0.2 M solution of sulfur
in OAm was swiftly injected into the flask when the mixture was heated to 160 °C. After the
injection, the temperature was set at 120 °C and degassed for 10 min. The temperature was then
raised to 240 °C for nanocrystal growth for 5–10 min. The reaction was quenched by removing
the heating mantle and submerging the flask in a water bath. After the reaction had been cooled
below 100 °C, the product was dissolved in toluene and then crashed out by adding ethanol. The
QDs were separated from solutions by centrifugation with a speed set to 5000 rpm at 15 °C for 10
min. The above clean and centrifuge process was repeated twice before optical measurements and
cleaned at least 6 times (until the nanocrystals were sufficiently cleaned) for XRD and TEM
analysis.
2.2.3 Shell Growth for Mn:CdS/ZnS Core/Shell QDs
ZnS shell passivated Mn-doped CdS QDs (i.e., Mn:CdS/ZnS core/shell-structured QDs)
were prepared using a modified version of the successive ion layer adsorption and reaction
(SILAR) procedure.32 Type I core/shell nanocrystals were achieved by epitaxial growth of ZnS
shells due to the similar lattice structure as well as the larger band gap of ZnS compared to that of
the CdS core.33 The zinc injection solution (0.10 M) was prepared by dissolving 0.163 g (2 mmol)
of ZnO in 1.80 g of oleic acid and 18.0 mL of ODE at 310 °C until a clear solution was obtained.
The sulfur injection solution (0.10 M) was prepared by sonicating 32 mg (1 mmol) of sulfur in 10
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mL of ODE for 2 h. All injection solutions for shell coating were prepared in an Ar atmosphere.
The calculations for the Zn and S injections were based on the cubic crystal structure of the CdS
QDs. The average thickness of one monolayer of ZnS was taken as 0.27 nm; thus, one additional
layer would increase the diameter of a nanocrystal by 0.54 nm. For each injection, a calculated
amount of each injection solution was withdrawn with a syringe using an air-free procedure.
In a typical SILAR procedure, the premade Mn:CdS nanocrystals (2.9 nm diameter, 1 ×
10–5 mmol of particles) were cleaned 3 times. The cleaned Mn:CdS QDs were redissolved in
hexane and mixed with 0.5 g of HDA and 7.6 mL of ODE in a 25 mL three-neck flask. The flask
was then vacuumed at 60 °C for 30 min to remove excess hexane and at 100 °C for another 10 min
to remove excess air and moisture. The system was then flushed with Ar three times, and the
reaction mixture was heated to 180 °C for the growth of ZnS shells. The first injection was the
dropwise addition of S solution followed by Zn solution (second injection) for the first ZnS
monolayer (ML). Each injection was given 10–15 min to react before the subsequent injection.
The temperature of the system was raised 10 °C after each monolayer had been fully injected to
provide a sufficient amount of energy for complete surface passivation.
Sample size, morphology, and dispersity were analyzed by transmission electron
microscopy (TEM) using a FEI T12 Twin TEM operated at 120 kV with an LaB6 filament and
Gatan Orius dual-scan CCD camera. Powder X-ray diffraction (XRD) was taken on a Bruker D8
Advance powder diffractometer using Cu Kα radiation (λ = 1.5406 Å). Absorption spectra were
collected in a 1 cm cell in toluene using an Agilent Cary 60 spectrophotometer. The
photoluminescence (PL) and PL excitation measurements were conducted with a Horiba
FluoroMax Plus spectrofluorometer. Quantum yield (QY) measurements were performed on dilute
samples with an excitation of 370 nm using Rhodamine 6G in ethanol as the standard. Inductively
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coupled plasma-optical emission spectrometry (ICP-OES) for elemental composition analysis was
performed on a PerkinElmer Optima 3300DV. For a standard ICP-OES measurement, the
powdered samples were completely dissolved in 90% HNO3, heated to remove excess NOx, and
then diluted in ∼5 mL of ultrapure water. Room temperature electron paramagnetic resonance
(EPR) spectra were recorded at a microwave frequency of 9.4 GHz on a Bruker ELEXSYS-II E500
spectrometer.
2.3

Results and Discussion

2.3.1 Mn:CdS and Mn:CdS/ZnS Core/Shell QDs
The phase and morphology of Mn:CdS QDs and Mn:CdS/ZnS core/shell (up to 5
monolayers) QDs were analyzed by powder XRD and TEM. The Mn:CdS QDs have an average
size of 2.9 nm from TEM analysis as shown in Figure 2.1a and can be identified as a zinc blend
(cubic) phase CdS based on the XRD pattern (Figure 2.1e). After the ZnS shell was applied on the
surface of the Mn:CdS core, there is a clear shift toward the zinc blend phase ZnS in the XRD
pattern, indicating the successful growth of ZnS shell on the surface of the Mn:CdS core QDs
(Figure S2.1). The initial diffraction peak located at a 2θ value of 21.5° is attributed to amine
ligands that are present in the reaction (oleylamine or HAD). Upon the addition of each
corresponding ZnS monolayer, the diameter of the core/shell QDs increased by ∼0.5 nm (zinc
blend ZnS lattice parameter 0.541 nm) as seen by the TEM images identifying the average size of
the particles of the 1, 2, 3, 4, and 5 ML samples as 3.5, 3.9, 4.4, 4.9, and 5.4 nm, respectively
(Figure 2.1b–d and Figure S2.2). ICP-OES measurements indicate the Mn doping concentration
(calculated as a ratio of Mn/(Cd + Mn)) is 1.2% for Mn:CdS QDs. The Mn(II) doping will exhibit
a Poisson distribution within the QD ensemble, but on average represents ∼6 Mn(II) ions in a 2.9
nm Mn:CdS QD distributed statistically between the core and surface of the QD. The Mn(II)
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concentration decreases to 0.6% after the growth of the first ZnS shell and remains unchanged for
all core/shell samples regardless of the thickness of the ZnS shell, which represents ∼3 Mn(II) ions
in a Mn:CdS/ZnS core/shell QD. The partial removal of Mn(II) dopant during initial ZnS shell
growth is consistent with the previous report.25

Figure 2.1 (a–d) TEM and (e) powder XRD of Mn:CdS core and selective Mn:CdS/ZnS core/shell
(1, 3, and 5 ML ZnS) QDs.
Figure 2.2a displays the absorption (dotted lines) and photoluminescence (PL) (solid lines) spectra
of Mn:CdS and Mn:CdS/ZnS QDs. The first exciton absorption peak of Mn:CdS QDs is at 404
nm. A small red-shift (∼2–3 nm) of the first exciton absorption peak was observed after applying
the first ZnS ML onto the Mn:CdS core. After the first ZnS ML, the core/shell QDs exhibit a nearly
identical absorption peak position for their first exciton band, which indicates the exciton
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generated from CdS host lattice can delocalize into the ∼1 ZnS ML but not the entire core/shell
structure with thicker ZnS shells.

Figure 2.2 (a) Normalized absorption (dotted lines) and emission (solid lines) of Mn:CdS and
Mn:CdS/ZnS (1–5 ZnS ML) QDs with a final PL intensity ratio between CdS and Mn(II) for 5
ZnS ML core/shell QDs reaching 1.9. The temperature increment between consecutive ZnS MLs
is 10 °C during ZnS shell growth; (b) the intensity ratio of CdS PL and Mn PL as a function of the
number of ZnS layers; (c) the central Mn(II) emission spectra as a function of the number of ZnS
monolayers; (d) optical images of the samples (0–5 ML) under (top) room and (bottom) UV light.
It is intriguing to find that Mn:CdS/ZnS core/shell QDs exhibit shell thickness-dependent
emission spectra (Figure 2.2 and Figure S2.3) including (1) the number of emission bands, (2) the
tunable ratio of duel band emission, and (3) red shift of the Mn(II) emission. The emission
spectrum of Mn:CdS core QDs consists of only a very broad emission peak centered at ∼580 nm
(excitation: 370 nm; full width at half-maximum (fwhm): 124 nm) attributed to a Mn(II) dopant
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emission (from 4T1 to 6A1) combined with a surface defect emission. The observed Mn(II) dopant
emission indicates that the CdS-Mn(II) host–dopant coupling (H–D coupling) leads to an efficient
energy transfer from the exciton of the CdS host lattice to the Mn(II) dopants,(34) which can be
evidenced by well-matched PL excitation (PLE) spectra (Figure S2.4, monitoring at 580 nm) with
the absorption spectrum (Figure 2.2a). The growth of the ZnS shell can efficiently remove the
surface trap states, which results in narrowing of the Mn(II) emission (fwhm: ∼70 nm) as seen
in Figure S2.3. The small increase in Mn(II) fwhm after growing the second ZnS ML might be
attributed to the slightly increased size distribution of the QDs as the shelling procedure continues
at higher temperatures (Figure S2.2).
While conducting the ZnS shell onto the Mn:CdS QDs, a new emission peak at 416 nm is
observed in addition to the original Mn(II) emission peak. This new peak can be identified as the
emission from the CdS host lattice by comparing with the position of the first exciton absorption
peak. More interestingly, a change in the relative intensity of the CdS to Mn emission peak is
observed during the ZnS growth. As the ZnS shell increased from 1 to 5 MLs, the ratio of the PL
intensity of the CdS and Mn can be continually tuned from 0 to 1.9 (Figure 2.2a and b). For the
QDs with up to 3 ZnS MLs, the Mn emission dominates the emission spectra; however, when a
thicker ZnS shell (>3 MLs) was grown, the PL intensity of CdS surpasses that of the Mn(II) peak.
The changes of the relative PL intensity between CdS and Mn(II) might indicate the different
energy transfer efficiency during the consecutive ZnS shell growth.26, 34 The tunable color of the
samples is shown in Figure 2.2d. It should be noted that both the quantum yield (QY) of CdS PL
and Mn emission continually increases for the first 3 ZnS MLs core/shell QDs, and then the Mn(II)
QY begins to taper off and remains around 12% as the host lattice emission continues to grow
(Figure S2.5 and Figure 2.2d).

47

2.3.2 Dopant Migration Controlled Host-Dopant Coupling
The tunable ratio of duel band emission can be understood by the degree of energy transfer
from the CdS lattice to the Mn(II) 4T1 energy level. It is known that the Mn(II) PL QY is
determined by the energy transfer from the host lattice to the Mn(II), which is controlled by the
overlap between the Mn(II) and exciton wave functions of the host lattice, i.e., the host–dopant
coupling (H–D coupling). Therefore, the energy transfer is strongly dependent on the location of
Mn in the QDs, which determines the distance between CdS host lattice and Mn(II)
dopant.(26) The energy transfer between the CdS host and Mn(II) can be interpreted quantitatively
using a simplified equation (eq. 1) without considering the nonradiative contributions.(34)
𝐼𝑀𝑛
𝐼𝑄𝐷

=

𝑘𝐸𝑇
𝑄𝑅

𝑘𝑟

(2.1)

where IMn represents the intensity of the Mn(II) emission, IQD represents the PL intensity of the
QD, kET represents the relaxation rate of the energy transfer, and the krQD is the relaxation rate of
the host lattice. Examining the Mn:CdS/ZnS system, it can be seen that the PL intensity ratio
between Mn(II) and the CdS decreases during the ZnS growth, which might indicate a decrease in
the kET value resulting in most of the absorbed energy being radioactively decayed from the CdS
conduction band rather than energy transfer into the 4T1 excited state of Mn(II). Therefore, the ZnS
shell-dependent ratio of the two emission bands would be the result of the decoupling of the CdSMn(II) host–dopant coupling by Mn(II) ion migration. Specifically, we propose that the Mn(II)
ions migrate to the alloyed interface (Cd1–xZnxS) during the ZnS shell growth. The alloyed
interface formed by ion diffusion and ion exchange has been reported for several core/shellstructured semiconductor nanocrystals to release the strain caused by lattice mismatch.27,
31

Therefore, it is reasonable to believe that the alloy interface can be formed by Cd(II) and Zn(II)

48

ion exchange to reduce lattice strain from the 7% lattice mismatch between the CdS core and ZnS
shell.
The proposed Mn(II) ion migration to the alloyed interface (Cd1–xZnxS) can be understood
by considering that the radius of Mn(II) ions (80 pm) in a tetrahedral environment is intermediate
between that of Cd(II) (92 pm) and Zn(II) (74 pm).35 Considering the nearly linear compositiondependent lattice parameter of the alloy phase based on Vigard’s law, the alloyed interface has
intermediate lattice parameters with cation size between that of Cd(II) in the CdS core and Zn(II)
in the ZnS shell. The Mn(II) ion migration from the CdS core to the alloyed interface is
thermodynamically favored because it would minimize the lattice strain caused by the large size
difference (13%) between Cd(II) and Mn(II).36 In has been reported that the increased Mn(II)
dopant concentration within the ZnxCd1–xS alloyed host lattice compared with that in CdS and ZnS
QD lattice is due to the reduced cationic size mismatch between the Mn ion and host
lattice.36 Therefore, Mn(II) ions will be more stable in the interface compared with in CdS core
and ZnS shell and will not further migrate to the surface of the ZnS shell (Scheme 2.1), which is
confirmed by electron paramagnetic resonance (EPR) data as discussed below. In addition, the
concentration gradient of Mn(II) ions between the originally doped CdS core and the newly formed
interface can also play a role for Mn(II) ion migration toward the core/shell interface, especially
during the early stage of the shelling process.
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Scheme 2.1 Mn Migration into the Alloyed Interface of CdS/ZnS Core/Shell QDs to Reduce the
Lattice Strain from the Cationic Size Mismatch
The proposed dopant migration model is shown in Figure 2.3a. For stochastically Mn(II)doped CdS QDs, Mn(II) and CdS are efficiently coupled; therefore, the absorption of light by
parent CdS QDs is followed by rapid energy relaxation to the Mn(II) states. Subsequently, only
one emission band from the Mn(II) doping centers occuring at longer wavelengths is observed
(Figure 2.3b and e). For the growth of 1 and 2 ML ZnS shells, the surface and near surface Mn
ions can migrate toward the alloyed interface, which leads to partially decoupled CdS-Mn(II) H–
D interaction with less energy transfer efficiency because the exciton is largely confined within
the CdS core of the type I core/shell QDs. Therefore, a new CdS PL band can be observed as the
result of the radiative pathway within the CdS lattice (Figure 2.3c and f). Although the surface- or
near surface-doped Mn(II) could easily migrate to the alloyed interface, we speculate that Mn
doped inside the CdS core could experience similar migration behavior toward the alloyed
interface at high temperature when we grow thick ZnS (for example, 210 and 220 °C for fourth
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and fifth ML ZnS shell). When there is sufficient thermal energy in the system, the ion diffusion
to reduce the high-lattice strain interfaces is thermodynamically favorable. Therefore, the Mn(II)
ion migration toward the alloy interface is facilitated by the ZnS shell process at elevated
temperature. The Mn(II) ion migration results in a CdS core with a smaller Mn(II) concentration
or even an undoped pure CdS core, and an emission spectrum with a more prominent CdS emission
can be observed due to the decoupling of the CdS–Mn(II) interaction (Figure 2.3d and g). After
five monolayers, the PL intensity ratio between the CdS and Mn(II) reached 1.9, which indicates
that most excited electrons do not opt to energy transfer to the Mn(II) dopant state due to the weak
host–dopant coupling.34

Figure 2.3 Dopant migration model of CdS/ZnS core/shell QDs. (a) Schematic of ZnS shell
thickness-dependent energy transfer from CdS host to Mn dopants. (b–d) Illustrations of (left) core
Mn:CdS QDs, (middle) Mn:CdS/ZnS core/shell (1–2 ZnS ML) QDs, (right) and Mn:CdS/ZnS
core/shell (thick ZnS shell >3 MLs) QDs energy levels and energy transfer diagrams (not to scale).
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The corresponding optical absorption and emission spectra are shown at the bottoms of the energy
diagrams (e–g).
In addition to the increased PL ratio of CdS and Mn, a continuous red shift of the Mn(II)
emission is observed throughout the shell growth as each consecutive monolayer is applied to the
surface (Figure 2.2c and Figure S2.3b). One explanation for the red-shift of the Mn peak is that
the Mn(II) ions are experiencing different pressures caused by the increased shell growth around
the core.37 If epitaxy is maintained, the ZnS shell lattice must extend and compress the core.
Ithurria et al. calculated the magnitude of the pressure of the ZnS shell by the spherical symmetric
continuum elastic model, which can match with the measured shell depth-dependent pressure using
bulk pressure tuning values related to the shift in the Mn emission (−30.4 meV/GPa).37 In our
study, the Mn peak shifts from 574 to 605.5 nm after Mn:CdS QDs were passivated with 5 ML
ZnS. The spectra red shift accounts for 112 meV, which corresponds to a pressure increase of 3.68
GPa. On the basis of the theoretical value from the spherical symmetric continuum elastic model
by Ithurria et al., however, the 3.68 GPa pressure in Mn:CdS/ZnS(5 ML) QDs can only account for
∼3.2 ML ZnS shell onto the dopant sites. The ∼1.8 ML difference between the calculated shell
thickness based on pressure and the actual shell thickness indicates Mn ions migrate toward the
surface and locate at an average position of 1–2 ML ZnS, which is consistent with our proposed
dopant migration model and EPR data as discussed below in which dopants migrate to the ∼2 ML
alloy interface of the core/shell QDs. Therefore, Mn migration can account for the smaller
experimental data compared with the shell pressure model. In addition, the pressure of the shell
alone cannot explain the change in the PL intensity ratios of CdS and Mn(II) observed in this study,
which can be explained by the proposed dopant migration model.
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It should be noted that the host–dopant energy transfer might be competed with possible
nonradiative relaxation pathways and surface defect emission of the QDs. To further verify that
the change of PL ratio between the CdS host and Mn is dominated by dopant migration rather than
simple elimination of surface traps on the core QDs during ZnS coating, we performed a control
experiment of undoped CdS/ZnS core/shell QDs with the same sizes. The emission spectra of
undoped CdS/ZnS QDs consist of one CdS PL with >2 ML ZnS shell and another broad defect
emission with thinner ZnS shells (Figure S2.6). The total PL QYs of Mn-doped CdS/ZnS QDs are
similar to that of undoped CdS/ZnS QDs especially with >2 ML ZnS shell when the surface defect
emission is eliminated in the undoped CdS/ZnS QDs (Figure S2.7). Therefore, the changes in the
ratio between host and Mn PL in the Mn:CdS/ZnS QDs can be explained by the different host–
dopant energy transfer efficiency within the core/shell QDs due to the dopant migration toward
the alloyed interface. However, the Mn:CdS/ZnS QDs exhibits higher total PL QY than undoped
CdS/ZnS QDs when the ZnS shell is less than 3 MLs, which is the case when significant surface
defect emission is present in the PL spectra of CdS/ZnS QDs. The higher PL QY of Mn:CdS/ZnS
QDs compared with that of undoped CdS/ZnS QDs is attributed to the fast host–dopant energy
transfer that efficiently competes with nonradiative relaxation pathways, which is consistent with
a previous report.26
For the rate constant of energy transfer from the CdS host lattice to the Mn dopant (kET in eq
1) to be obtained, lifetime measurements were performed on both the Mn:CdS/ZnS and undoped
CdS/ZnS QDs. It was found that the lifetimes of CdS host PL in the Mn:CdS/ZnS QDs (Figure
S2.8 and Table S2.1) are shorter than those in the undoped CdS/ZnS QDs (Figure S2.9 and Table
S2.2) with the same ZnS shell thickness. Considering the similar total PL QYs of the two sets of
samples shown in Figure S2.7, the shorter lifetime of host PL in the doped core/shell QDs can
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support the energy transfer from the host exciton to the Mn dopant in the doped core/shell QDs.
In addition, the calculated energy transfer rate constants (kET) using the lifetime of host PL of the
Mn:CdS/ZnS QDs and eq 1 decrease with ZnS shells with kET = 8.3 × 108, 3.4 × 108, 1.8 × 108, 1.0
× 108, and 6.5 × 107 s–1 for the Mn:CdS/ZnS QDs with 1–5 ZnS MLs, respectively. Therefore, the
energy transfer rate constant (kET) decreases more than an order of magnitude during the ZnS shell
coating process due to the Mn migration to the alloyed interface. This result supports our dopant
migration model and is consistent with a strong dopant location-dependent rate of host–dopant
energy transfer, which has been previously reported.26
2.3.3 Dopant Site in Mn:CdS and Mn:CdS/ZnS QDs
Mn(II) positions inside the CdS and CdS/ZnS core/shell QDs were identified using X-band
EPR spectroscopy (Figure 2.4). Mn:CdS QDs exhibit two sets of sixline EPR spectrum. One with
hyperfine splitting 94.0 G, which can be assigned as the Mn that sits on the surface of CdS QDs,
and the other with hyperfine splitting 69.1 G can be assigned as Mn(II) doped inside the CdS
core.38, 39 During the ZnS coating process, the surface term is dismissed and totally vanishes after
epitaxially growing 3 ZnS MLs, and the core/shell QDs with 3–5 ML ZnS only exhibit one sixline
spectrum with the same hyperfine coupling constant of 69.1 G. Such a hyperfine coupling constant
indicates that the Mn dopants are at cubic CdS or ZnS lattice sites and thus that the dopants are
indeed located inside the core/shell nanocrystals.39 Surprisingly, for core/shell QDs with 1–2 ML
ZnS, the Mn surface term is still observable even though they are significantly weaker than that
from Mn:CdS core QDs. The observed surface Mn EPR could indicate Mn(II) migration or ZnS
partially passivated CdS QDs. However, on the basis of the TEM analysis of samples, the average
size is indeed increased as designed for nearly fully passivated ZnS shells. Therefore, Mn(II) ion
migration is very likely to contribute to the weak surface EPR signal. In addition, the line-width
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of the EPR peaks is different for Mn(II) dopants in the CdS core (10.5 G) and in the CdS/ZnS
core/shell QDs (8.7 G). The narrower EPR peak line-width indicates weaker Mn–Mn interactions
and less local strain on the Mn(II) dopant sites. Both effects can lead to less nonradiative decay of
the Mn(II) excited state, and therefore, a higher Mn(II) PL QY for the core/shell particles with Mn
in the alloyed interface. This is consistent with the results from optical measurements (Figure 2.2)
and can support the model of Mn(II) migration to the alloyed interface of CdS/ZnS core/shell QDs.
Taking together the EPR data and calculated ZnS shell thickness by the spherical symmetric
continuum elastic model (∼3.2 ML ZnS generated pressure for the Mn:CdS/ZnS core/shell QDs
with 5 ML ZnS), ∼2 ML alloyed interface of the Mn:CdS/ZnS core/shell QDs could be formed
depending on the thickness of the ZnS shell.
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Figure 2.4 Room-temperature X-band EPR spectra of Mn:CdS core and Mn:CdS/ZnS core/shell
QDs. Two discrete sites for the Mn(II) occupying a substitutional Cd(II) site within the core
(hyperfine splitting 69.1 G) and surface (hyperfine splitting 94.0 G) are labeled for the Mn:CdS
core. Only the Mn core site (hyperfine splitting 69.1 G) is observed for 5 monolayers of ZnScoated Mn:CdS/ZnS core/shell QDs.
2.3.4 Thermodynamic Control of the Dopant Migration Rate
The movement of dopants inside a crystal lattice can be complicated in a given system
considering the possible effects of self-annealing, clustering, ion diffusion, and migration. The
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Mn(II) dopant migration in CdS nanocrystals could be understood by a classic ion hopping model
without considering the more complicated cooperative motions in which a Mn(II) ion can migrate
to a neighboring equivalent vacant tetrahedral site.40 For the Mn(II) ion moving toward to the
alloyed interface, the energy barrier from one tetrahedral site to an adjacent tetrahedral site is
relatively low in the zinc blende CdS lattice considering that half of the tetrahedral sites (and all
octahedral sites) are empty in the cubic close packed (ccp) S anions. The mobility of the dopant is
temperature dependent and can be expressed by an Arrhenius equation41
𝐸

𝜇 ∝ exp(− 𝑘𝑇𝑎 )

(2.2)

where Ea represents the energy barrier or activation energy for ion migration and kT represents the
thermal energy at temperature T. Therefore, higher temperature will facilitate dopant migration in
the lattice. For verifying the proposed ion migration model and controllability of the ion migration,
a control experiment was run in which identical Mn:CdS QDs were shelled with ZnS with a higher
temperature increment of 20 °C between successive ZnS MLs (180, 200, 220, 240, and 260 °C for
the growth of 1–5 ZnS ML, respectively). The increased thermal energy at higher temperatures
should facilitate the process of Mn ion migration and therefore increase the migration rate, which
can be monitored by analyzing the rate of change in the

𝐼𝐶𝑑𝑆
𝐼𝑀𝑛

ratio.

Figure 2.5a displays the PL spectra of the Mn:CdS/ZnS QDs as each ZnS ML is added with
a 20 °C interval. A similar dual-band emission can be observed, however, with a larger PL intensity
ratio between the CdS and Mn(II) (ICdS/IMn) for all samples as shown in Figure 2.5a and c and
reaches 5.0 after the growth of the fifth ZnS ML. This indicates significantly weaker coupling of
the Mn(II) to the CdS core as a result of a faster Mn ion migration toward the alloyed interface. In
addition, a similar red-shift of the Mn emission for both 10 and 20 °C temperature increment
57

core/shell QDs might indicate that Mn(II) ions prefer the cation sites at the alloy interface even
with different migration rates at different temperatures. However, a slightly larger red-shift of Mn
emission (from 574 to 607 nm) for 20 °C temperature increment core/shell QDs can be observed.
This might be understood by the formation of a more symmetric local alloy environment with less
distortion for Mn(II) at higher temperature conditions. The symmetric local environment with less
distortion will experience less crystal-field splitting, thus shifting the Mn emission to longer
wavelengths. This is evidenced by the line width narrowing of the EPR spectra as more ZnS layers
are applied on the surface of Mn:CdS core QDs (Figure 2.2 and Figure S2.10). It should be noted
that there is no size difference between the core/shell QDs growth with temperature increments of
10 and 20 °C as seen in Figure S2.11. In addition, ICP-OES measurements confirm that the Mn
doping concentration remains the same (0.6%) for both core/shell QDs growth with temperature
increments of 10 and 20 °C throughout the ZnS shelling process.

Figure 2.5 Absorption (dotted lines) and PL (solid lines) spectra of the (a) Mn:CdS core and
Mn:CdS/ZnS core/shell QDs (20 °C temperature increment for ZnS coating) with a final PL
intensity ratio between CdS and Mn(II) for 5 ZnS ML core/shell QDs reaching 5.0 and (b)
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Mn:CdS/CdS/ZnS core/multishell QDs with a final PL intensity ratio between CdS and Mn(II) for
5 ML shell (1 CdS ML + 4 ZnS MLs) QDs reaching 0.98; (c) PL intensity ratio of CdS and Mn
and (d) redshift of Mn(II) PL as a function of the number of shell layers (blue squares for shell
growth with 10 °C temperature increment, red triangles for shell growth with 20 °C temperature
increment, and black diamonds for Mn:CdS/CdS/ZnS core/multishell QDs); (e) the blueshift of
CdS PL for Mn:CdS/ZnS QDs with 10 and 20 °C temperature increments as a function of the
number of ZnS MLs.
The alloyed interface of the QDs can be further suggested by a small blueshift of the CdS
host lattice PL in QDs grown with both the 10 and 20 °C temperature increments (Figures
2.2a, 2.5a, and 5e). Even though it is a subtle blue shift, it has been shown to be highly reproducible
in many repeated experiments. This blueshift could be understood using two different
explanations: First, we believe that the alloyed interface forms a small percentage of the surface
cadmium incorporated into the alloyed interface, which makes a slightly smaller CdS core causing
a slight blueshift due to the size effect. The larger blueshift of CdS PL for QDs grown with 20 °C
temperature increment might indicate that a slightly broader alloyed interface could be formed at
higher temperature with a smaller pure CdS core. Second, the incorporation of zinc ions into the
CdS lattice to form the Cd1–xZnxS alloy layer on top of the CdS might be able to widen the bandgap
slightly due to the larger bandgap of pure ZnS, which would then cause a blueshift in the host
lattice emission.
It is believed that the major driving force of dopant migration is the smaller lattice mismatch of
Mn(II) with the alloy interface (Scheme 2.1). Therefore, the Mn(II) migration can be further
controlled through the choice of shell materials with different lattice parameters. When a single
CdS ML was applied on the Mn:CdS core prior to the growth of the ZnS shell, there would be no
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alloy core/shell interface formed between the CdS core and the 1 ML CdS shell. Therefore, no
driving force of reducing the lattice mismatch for Mn(II) migration due to the same cation
environments in the CdS core and the CdS layer, which can be equally regarded as the increase of
activation energy (Ea) in the Arrhenius equation of the dopant’s mobility (μ ∝ exp(−Ea/kT).41 The
optical spectra of the core/multishell QDs are shown Figure 2.5b and Figure S2.12. In contrast to
the direct ZnS passivation shown in Figure 2.2, a shift in the first exciton peak from 410 to 418
nm was observed, and the PL spectra only consist of a single Mn(II) peak after the growth of 1
ML CdS onto Mn:CdS QDs. In the following ZnS shell growth, an alloyed interface (Cd 1–xZnxS)
can again be formed and therefore provides cation sites with smaller lattice mismatch for the Mn
dopant. Therefore, decoupling of the CdS-Mn(II) host–dopant energy transfer mediated by Mn(II)
migration toward the alloyed interface is evidenced by the new CdS PL peak at 432 nm. However,
the PL intensity ratio of CdS and Mn(II) is significantly lower (ICdS/IMn = 0.98 after the growth of
5 monolayers of shell lattice (CdS + ZnS) (Figure 2.5b and c)) than the intensity ratio (1.9) of the
QDs that had solely been shelled with 5 ML ZnS (Figures 2.2 and 2.5c). Furthermore, even after
the application of 5 MLs of ZnS (total of 6 MLs including 1 ML CdS), the PL intensity ratio of
CdS and Mn(II) (1.37) is still much lower than the intensity ratio (1.9) of the Mn:CdS/ZnS
core/shell QDs with a 5 ML ZnS shell (Figure 2.2 and Figure S2.12). In addition, a smaller redshift
of Mn(II) PL of Mn:CdS/CdS/ZnS QDs compared with that of the Mn:CdS/ZnS core/shell QDs
(Figure 2.5d) can be observed, which could be understood by the larger lattice distortion and larger
crystal field splitting of Mn(II) in Mn:CdS/CdS/ZnS QDs. The smaller PL intensity ratio (ICdS/IMn)
and smaller Mn(II) PL redshift of Mn:CdS/CdS/ZnS QDs indicates the inserted CdS layer can
indeed reduce the driving force and increase the energy barrier of Mn(II) migration. Thus, a lower
rate of dopant migration is achieved. It should be noted that the growth of multiple CdS layers on
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Mn:CdS QDs (Mn:CdS/CdS QDs) could minimize the driving force of dopant migration
throughout the whole CdS shell growth process because no alloy will be expected at the interface,
and we indeed only see a Mn peak in emission spectra for samples with 1–3 ML CdS shells;
however, the samples with thicker CdS shells (>3 ML) can introduce a significant amount of
surface defects and no PL can be observed as shown in Figure S2.13.
2.4

Conclusions
In this research, dopant migration in a controlled manner is achieved by the growth of ZnS

shells onto stochastically Mn(II)-doped CdS QDs. During the ZnS passivation, a change in the PL
intensity ratios between the CdS and the Mn(II) as well as a redshift of Mn(II) PL can be attributed
to dopant migration from the CdS lattice to the alloyed interface (Cd1–xZnxS), resulting in the
decoupling of the CdS-Mn host–dopant interaction. It is believed that the dopant ion migration
toward the alloyed interface of a core/shell QD is a thermodynamically driven process to minimize
lattice mismatch and strain within the core/shell nanocrystals. Compared to doped simple QD
systems, the Mn(II) ion migration within core/shell QDs leads to tailored CdS-Mn host–dopant
coupling and therefore energy transfer from the host lattice to dopant ions; allowing for the control
of both the number of emission band(s) (one or two bands), and the relative intensity of the two
bands from the host lattice and dopant ions. The dual-emission bands are highly tunable via the
SILAR shell passivation method by the control of the temperature increment and the lattice
parameters of the shell materials. The controlled dopant migration of the core/shell QDs opens rich
opportunities for fine control of the physical properties of doped nanocrystals.
2.5

Supporting Information
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Figure S2.1 Powder XRD of Mn:CdS core and Mn:CdS/ZnS core/shell (1-5 ZnS monolayers)
QDs.
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Figure S2.2 TEM and size distribution charts of Mn:CdS Core (a and b, 2.9 nm) and Mn:CdS/ZnS
core/shell QDs with 1 ZnS ML (c and d), 2 ZnS ML (e and f), 3 ZnS ML (g and h), 4 ZnS ML (i
and j), 5 ZnS ML (k and l) with the average sizes being 3.4, 3.9, 4.4, 4.9, 5.4 nm respectively.
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Figure S2.3 Optical properties of Mn:CdS core and Mn:CdS/ZnS (1-5 ML) core/shell
(temperature increment:10 oC) QDs. (a) A three dimensional PL spectrum indicates the tunable PL
intensity ratio of CdS and Mn(II) of the QDs; (b) PL spectra normalized at the Mn(II) peak
position; (c) full width at half maxima (FWHM) of Mn(II) emission of the core and core/shell
QDs.
The Mn(II) peak initially is very broad due to the presence of a surface defect emission overlapping
with the Mn(II) emission. After the growth of the first ZnS ML, the FWHM significantly decreases
which indicates a successful surface passivation. A slight increase in FWHM indicated by the
increase size distribution as shown in Figure S2.

Figure S2.4 PL excitation measurements (PLE, dashed red line) and absorption spectrum (dotted
blue line) of Mn:CdS/ZnS(5 ML) core/shell QDs. The monitored wavelength for the PLE was set
to 580 nm. All PL experiments were set to an increment of 0.5 nm.
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Figure S2.5 PL QY of Mn:CdS and Mn:CdS/ZnS core/shell QDs with 10 oC (a) and 20 oC
temperature increment (b) for ZnS shell growth as the function of ZnS shell thickness (Total
quantum yield (blue), Mn(II) PLQY (red), and CdS PLQY (black)).

The total PL QY for QDs with 10 oC temperature increment for ZnS shell growth (Figure S5a)
continually increases as the shelling process proceeds, starting at 3% and ending and 22%. The
initial 3% QY of the Mn:CdS core results solely form the Mn(II) emission. The Mn(II) PL QY
rapidly increases to 12% when two monolayers had grown on the core and then the Mn(II) PLQY
begins to taper off and sticks right around 10%. The CdS PL QY is increased continuously from
the Mn:CdS core QDs (0 %) to 11.5% (5 ZnS ML core/shell QDs) as each monolayer is added,
which indicates the decoupling of the Mn(II) with original CdS host lattice.
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The PL QY for QDs with 20 oC temperature increment for ZnS shell growth (Figure S5b) follows
a similar trend as the 10˚C temperature increment samples. The Mn(II) PLQY rapidly increases to
16% where it then stabilizes. The CdS PL QY is increased continuously during ZnS growth and
reaches to 24% for 5 ZnS ML core/shell QDs, which indicates the decoupling of the Mn(II) with
original CdS host lattice. The total PL QY of the QDs reaches to 40% for 5 ZnS ML core/shell
QDs.
Synthesis of undoped CdS//ZnS core/shell QDs. The synthesis of undoped CdS/ZnS core/shell
QDs followed the same procedure as Mn:CdS/ZnS without the addition of the Mn precursor. The
size of the undoped CdS QDs (absorption at 404 nm) is the same as the previously synthesized Mn
doped CdS QDs. The absorption and PL spectra are shown in Figure S7.
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Figure S2.6 a) Absorption and PL spectra, b) full width at half maximum (FWHM) of CdS PL, c)
CdS PL position, and quantum yield (QY) of CdS/ZnS QDs as the function of the thickness of ZnS
shell.

Figure S2.7 Total PL QY of undoped CdS/ZnS and Mn:CdS/ZnS QDs as the function of the ZnS
MLs.

Figure S2.8 CdS PL Lifetime of Mn:CdS/ZnS core/shell QDs as a function of the thickness of
ZnS shells.
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Table S2.1 CdS PL Lifetime of Mn:CdS/ZnS core/shell QDs as the function of the thickness of
ZnS shells.

Mn:CdS/ZnS1 ML
Mn:CdS/ZnS2 ML
Mn:CdS/ZnS3 ML
Mn:CdS/ZnS4 ML
Mn:CdS/ZnS5 ML

τ1(s)
1.17E-09
1.02E-09
1.03E-09
1.10E-09
1.07E-09

B1
9.18E-01
9.43E-01
9.21E-01
9.01E-01
8.93E-01

τ2(s)
1.20E-08
1.35E-08
1.26E-08
1.26E-08
1.29E-08

B2
8.23E-02
5.69E-02
7.95E-02
9.95E-02
1.07E-01

τ(s)
6.38E-09
6.56E-09
6.94E-09
7.54E-09
8.05E-09

Figure S2.9 CdS PL Lifetime of CdS/ZnS core/shell QDs as a function of the thickness of ZnS
shells.

Table S2.2 CdS PL Lifetime of undoped CdS/ZnS core/shell QDs as the function of the thickness
of ZnS shells.

Mn:CdS/ZnS1 ML
Mn:CdS/ZnS2 ML
Mn:CdS/ZnS3 ML
Mn:CdS/ZnS4 ML
Mn:CdS/ZnS5 ML

τ1(s)
2.05E-09
1.65E-09
8.34E-10
1.65E-09
1.63E-09

B1
3.74E-01
6.07E-01
6.03E-01
7.03E-01
5.90E-01

τ2(s)
1.40E-08
1.53E-08
1.53E-08
1.73E-08
1.85E-08

B2
6.26E-01
3.93E-01
3.97E-01
2.97E-01
4.10E-01

τ(s)
1.31E-08
1.33E-08
1.42E-08
1.44E-08
1.66E-08
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Figure S2.10 Room temperature X-band EPR spectra of Mn:CdS core and Mn:CdS/ZnS core/shell
QDs (temperature increment 20 oC for ZnS shell growth)
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Figure S2.11 TEM and size distribution of Mn:CdS/ZnS (5 ML) core/shell QDs growth with 10
o

C (a and c) and 20 oC (b and d) temperature increment.

Synthesis of Mn:CdS/CdS/ZnS core/multi-shell QDs
Mn:CdS/CdS/ZnS core/multi-shell QDs were prepared using a modified version of
successive ion layer adsorption and reaction (SILAR) procedure. The cadmium injection solution
(0.10 M) for CdS shell growth was prepared by dissolving 0.0640 g (0.5 mmol) CdO in 0.450 g
oleic acid and 4.5 mL ODE at 250 ˚C. The zinc injection solution (0.10 M) was prepared by
dissolving 0.163 g (2 mmol) ZnO in 1.80 g oleic acid and 18.0 mL ODE at 310 ˚C until a clear
solution was obtained. The sulfur injection solution (0.10 M) was prepared by sonicating 32 mg
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(1 mmol) sulfur in 10 mL ODE for 2 h. In a typical SILAR procedure, the premade Mn:CdS
nanocrystals (2.9 nm diameter, 1 x 10-5 mmol) were cleaned 3 times. The cleaned Mn:CdS QDs
were re-dissolved in hexane and mix with 0.5 g HDA and 7.6 mL of ODE in a 25 mL three-neck
flask. The flask was then vacuumed at 60 ˚C for 30 min to remove excess hexane and at 100 ˚C
for another 10 min to remove excess air and moisture. The system was then flushed with Ar three
times and the reaction mixture was heated to 180 ˚C for the growth of CdS shells. The first injection
is the dropwise adding of S solution followed by Cd solution (2nd injection) for the first CdS
monolayer (ML). The following ZnS layers were grown with alternating addition of S solution and
Zn solution. Each injection was given 10–15 min to react before the subsequent injection. The
temperature of the system was raised 10 ˚C after each monolayer had been fully injected in order
to provide a sufficient amount of energy for complete surface passivation.
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Figure S2.12 (a) Normalized absorption (dotted lines) and emission (solid lines) of Mn:CdS core
and Mn:CdS/CdS/ZnS core/multi-shell QDs with a final PL intensity ratio between CdS and
Mn(II) for 5 ZnS ML core/shell QDs reaching 1.3. The temperature increment between
consecutive shell MLs is 10 oC; (b) the intensity ratio of CdS PL and Mn PL as the function of the
number of ZnS monolayers; (c) the central of Mn(II) PL spectra as the function of the number of
ZnS monolayers.

Synthesis of Mn:CdS/CdS core/shell QDs
Mn:CdS/CdS core/shell QDs were prepared using a similar SILAR procedure as for
Mn:CdS/CdS/ZnS core/multi-shell QDs except all Zn additions were replaced with Cd solution.
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Figure S2.13 Normalized absorption (dotted lines) and emission (solid lines) of Mn:CdS core and
Mn:CdS/CdS core/shell QDs. The temperature increment between consecutive shell MLs is 10 oC.
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Chapter 3
Interface Engineering of Mn-Doped ZnSe-Based Core/Shell
Nanowires for Tunable Host–Dopant Coupling
Reprinted (adapted) with permission from (Li, Z.-J.; Hofman, E.; Blaker, A.; Davis, A. H.;
Dzikovski, B.; Ma, D.-K.; Zheng, W., Interface Engineering of Mn-Doped ZnSe-Based
Core/Shell Nanowires for Tunable Host–Dopant Coupling. ACS Nano 2017, 11 (12), 1259112600.). Copyright (2017) American Chemical Society.

Transition metal ion doped one-dimensional (1-D) nanocrystals (NCs) have advantages of
larger absorption cross sections and polarized absorption and emissions in comparison to 0-D NCs.
However, direct synthesis of doped 1-D nanorods (NRs) or nanowires (NWs) has proven
challenging. In this study, we report the synthesis of 1-D Mn-doped ZnSe NWs using a colloidal
hot-injection method and shell passivation for core/shell NWs with tunable optical properties.
Experimental results show optical properties of the NWs are controlled by the composition and
thickness of the shell lattice. It was found that both the host–Mn energy transfer and Mn–Mn
coupling are strongly dependent on the type of alloy at the interface of doped core/shell NWs. For
Mn-doped type I ZnSe/ZnS core/shell NWs, the ZnS shell passivation can enhance florescence
quantum yield with little effect on the location of the incorporated Mn dopant due to the identical
cationic Zn2+ site available for Mn dopants throughout the core/shell NWs. However, for Mndoped quasi type II ZnSe/CdS NWs and ZnSe/CdS/ZnS core/shell NWs, the cation alloying (Zn1–
xCdxS(e))

can lead to metal dopant migration from the core to the alloyed interface and tunable

host–dopant energy transfer efficiencies and Mn–Mn coupling. As a result, a tunable dual-band
emission can be achieved for the doped NWs with the cation-alloyed interface. The interfacial
alloying mediated energy transfer and Mn–Mn coupling provides a method to control the optical
properties of the doped 1-D core/shell NWs.
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3.1

Introduction
Incorporation of dopants into semiconductor nanocrystals (NCs) has attracted vast interest

in the past two decades since it can lead to optical, electronic, or magnetic properties of the doped
NCs with desired applications in the areas of biolabeling, light-emitting devices, photocatalysis,
and spintronics.1-12 Transition metal ion doped 1-D NCs have advantages of larger absorption cross
sections and polarized absorption and emissions compared with 0-D NCs.13 So far, several
synthetic approaches have been developed for doping inside many spherical NCs,13 such as using
single-source precursors,9,

10, 15-17

nucleation doping,18 growth doping,19-21 ion exchange, and

diffusion.22-27 However, only a few cases of Mn2+ doping into 1-D II–VI NCs have been reported
to date. For instance, Lieber etal. synthesized Mn-doped CdS and ZnS nanowires (NWs) based on
metal nanocluster-catalyzed chemical vapor deposition (CVD).28 Liu etal. reported hightemperature synthesis of Mn-doped ZnS nanorods (NRs) in organic solution.29 Janssen etal.
reported a synthesis of Mn-doped ZnSe NWs using a premade single-source precursor. 30 The
challenge in synthesizing doped 1-D NRs or NWs might be due to the anisotropic growth of the
NCs leading to limited growing facet with sufficient binding energy for dopant ion addition, 1 as
well as the propensity for self-annealing.14, 31 So far, direct synthesis of Mn2+-doped 1-D ZnSe
(Mn:ZnSe) NWs through a colloidal method has not been reported. Moreover, the surface and
interface engineering of doped 1-D Mn:ZnSe NCs by inorganic surface passivation has not been
explored. Shell-passivated doped NCs (i.e., doped core/shell NCs) can enhance florescence
quantum yield (QY) by suppressing the surface defects of the NCs while also improving the photoand chemical stability of the NCs.32, 33 In addition, the band alignment of the core and shell lattice
can be further controlled as a type I, reverse type I, or type II heterojunction, which provides further
control of the carrier confinement and the overall properties of the doped core/shell NCs.32,
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33

Therefore, it is crucial to explore an advanced methodology for the synthesis and surface

engineering of doped 1-D NCs for tunable properties.
The properties of a doped NC are determined through the coupling between the host lattice
and dopants (i.e., host–dopant coupling or host–dopant energy transfer). The energy transfer from
the host lattice to dopants is dependent on the spatial overlap between the wavefunctions of exciton
and dopant ions (i.e., excition–dopant distance), which determines the strength of the host–dopant
electronic coupling.34,

35

Therefore, most research efforts have been focused on developing

synthetic methods to control the location and concentration of dopants inside NCs, which are two
important parameters for controlling the spatial distribution of the exciton and dopant ions of
doped NCs and doped core/shell NCs.20, 30-38 For instance, Cao etal. have developed a three-step
synthetic method for radial-position-controlled doping of core/shell NCs, where the Mn radial
position was precisely controlled in specific lattice sites of CdS/ZnS NCs.20 They found that a
higher host–dopant energy transfer rate can be achieved when the dopant ions get closer to the
center of the CdS core due to the increasing wavefunction overlap between exciton and dopant
ions.20, 36 Son etal. used transient absorption measurements to study the dynamics of the energy
transfer in Mn-doped CdS/ZnS core/shell NCs and found a strong dependence of exciton–Mn
energy transfer rate on dopant location.37 Peng etal. demonstrated that the lower concentration of
Mn ions in Mn:ZnSe/ZnS core/shell NCs can decrease the Mn–Mn interaction while increasing
the lifetime of Mn luminescence and further influence the QY of Mn emission.38
Recently, our group developed a method to control the host–dopant coupling by Mn dopant
migration from the core to the alloyed interface in 0-D spherical CdS/ZnS core/shell NCs.39 It is
believed that the intermediate lattice parameters of the cation-alloyed interface (Cd1–xZnxS)
compared with that of the CdS core and ZnS shell can provide less cation size mismatch between
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Mn dopant and host lattice, which is responsible for the dopant migration behavior. Despite clear
evidence of dopant ion migration observed in the 0-D Mn:CdS/ZnS core/shell NCs with cationalloyed interface, the controlled host–dopant interaction by dopant migration in 1-D NCs has not
yet been reported. In addition, it is still unknown if anion-alloyed interfaces (with common cations)
of core/shell NCs can influence dopant migration behavior and host–dopant energy transfer.
Herein, we developed a facile colloidal hot-injection method to obtain 1-D Mn:ZnSe NWs
and report the first Mn:ZnSe-based core/shell NWs including Mn:ZnSe/ZnS(1–5 MLs) core/shell
NWs with anion-alloyed interface (ZnSe1–xSx) and Mn:ZnSe/CdS(first ML)/ZnS(second–fifth MLs) NWs
with cation alloying (Zn1–xCdxS(e)) at the core/shell interface. The effect of both composition and
band structure on optical properties and behavior of the incorporated dopant of the NWs was
examined. We found that the anion-alloyed interface (ZnSe1–xSx) has little effect on the dopant
location, evidenced by the same exciton–Mn energy transfer efficiency and Mn–Mn coupling
between Mn:ZnSe and Mn:ZnSe/ZnS core/shell NWs. However, the cation alloying (Zn1–
xCdxS(e))

in Mn:ZnSe/CdS/ZnS core/shell NWs can lead to the metal dopant migration from core

to the alloyed interface and, therefore, change of the energy transfer efficiency from host lattice to
Mn dopants. In addition, the increased Mn emission lifetime indicates that the Mn–Mn coupling
is simultaneously decreased during the Mn migration from core to cation-alloyed interface. The
controlled energy transfer efficiency and Mn–Mn coupling by interface engineering allow for a
tunable optical property for doped core/shell NWs.
3.2

Results
In this study, we developed a hot-injection method to grow Mn:ZnSe ultrathin NWs by

injecting Se precursor into a solution of Mn(NO3)2 and Zn(NO3)2 (see details in the Experimental
Section). The Se precursor was injected at 160 °C to induce nucleation followed by 1-D Mn:ZnSe
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NW growth at 250 °C for 20 min. The Mn:ZnSe-based core/shell NWs were obtained by a
modified successive ionic layer adsorption and reaction (SILAR) method via alternating injections
of cationic and anionic precursors into the reaction mixture with purified core NWs (see details in
the Experimental Section).40 The growth of the first shell monolayer (ML) was started at 200 °C,
and the temperature of the system was raised to 10 °C after each ML had been fully injected in
order to provide sufficient energy for complete surface passivation. This SILAR protocol for
surface coating allows not only for precise control of the shell thickness but also for control over
the formation of alloying at the core/shell interface by the sequential increase of the temperature
during the shell growth.41, 42 Two types of Mn-doped ZnSe-based core/shell NWs were designed
to investigate the migration behavior of incorporated dopant and the optical properties, including
Mn:ZnSe/ZnS(first–fifth MLs) core/shell

NWs

with

an

anion-alloyed

interface

and

Mn:ZnSe/CdS(first ML)/ZnS(second–fifth MLs) core/shell NWs with a cation-alloyed interface. It should
be noted that the photoluminance (PL) QY of Mn:ZnSe/CdS core/shell NWs with more than 1 ML
CdS shells is very low with no observable emission peak from the NWs with more than 2 CdS
MLs possibly due to the large number of surface defects of the NWs with increasing CdS shell
thickness, which is consistent with the literature report on 0-D spherical Mn:ZnSe/CdS
NCs.8 Therefore, we intentionally only grew one ML of CdS on the surface of Mn:ZnSe NWs
followed by ZnS surface coating to enhance the optical properties including the PL QY of the
core/shell NWs.
Transmission electron microscopy (TEM) images of the as-prepared Mn:ZnSe NWs and
the corresponding core/shell NWs up to 5 ML shell thicknesses are shown in Figure
3.1 and Figures S3.1 and S3.2. The core NWs have an average diameter of 3.0 ± 0.5 nm and length
of 100 ± 40 nm. The growth of larger NWs was observed after the consecutive shell passivation.
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Specifically, we found that the length of the NWs is almost unchanged, while the diameter
gradually increases per shell ML, with the average diameters of the Mn:ZnSe/ZnS core/shell NWs
of the 1, 3, and 5 shell MLs being 3.5, 4.5, and 5.5 nm, respectively (Figure S3.1). The average
diameters of Mn:ZnSe/CdS/ZnS core/shell NWs of the 1, 3, and 5 shell MLs are 3.3, 4.3, and 5.3
nm, respectively (Figure S3.2). It should be noted that a very small amount of spherical NCs can
also be observed in the samples even though most of the products are 1-D NWs. However, when
the temperature of the shell coating is higher than 250 °C (for growth of more than 5 shell MLs),
a mixture of a significant amount of small spherical NCs and NWs can be observed with no
significant increase in the diameter of the NWs (Figure S3.1g; see details of the synthesis in the SI).
The spherical NCs could be formed from either thermal ripening of NWs or homogeneous
nucleation of ZnS shell material or a combination thereof. Based on the decreased PL QY
(see Figure S3.3) and the similar diameter of core/shell NWs with designed 5 and 6 ML ZnS shells,
it is believed that the thermal ripening process at high temperature leads to the dissolution of the
surface lattice of NWs, causing the formation of spherical NCs. The similar thermal ripening effect
of undoped ZnSe NWs has been reported by Banin et al.43 Therefore, we mainly focused on the
core/shell NWs with shell temperature up to 250 °C (thickness up to 5 MLs) in this work.
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Figure 3.1 TEM images, size histograms of diameter, size histograms of length, and XRD of (a–
d) the Mn:ZnSe core NWs, (e–h) the Mn:ZnSe/ZnS core/shell NWs (5 ML shell), and (i–l) the
Mn:ZnSe/CdS/ZnS core/shell NWs (5 ML shell). The standard XRD patterns of wurtzite ZnSe
and ZnS are given for reference.
The XRD patterns of the Mn:ZnSe NWs can be assigned as a wurtzite ZnSe structure
(Figure 3.1d). Compared with the standard XRD pattern, a very strong (002) diffraction at 27°
indicates the NWs grow anisotropically along the c direction. The addition of the ZnS shell or
CdS/ZnS multishell causes a shift in the diffraction peaks of core/shell NWs to higher angles of
wurtzite phase ZnS with systematic narrowing of peak widths while the sharp (002) diffraction is
maintained (Figure 3.1h–l, Figures S3.4 and S3.5). The broad band at ∼21.5° in the XRD pattern
is due to the scattering or diffraction of amine ligand (HDA or OAm).39 Taking the XRD and TEM
results together, it can be concluded that 1-D core/shell NWs are achieved by an epitaxial growth
of shells on the Mn-doped ZnSe NWs.
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The concentration of Mn2+ in the doped NWs was determined to be 1.1% (mol %) for
Mn:ZnSe core NWs by inductively coupled plasma optical emission spectrometry (ICP-OES). It
is worth noting that the Mn2+ concentration decreases after the growth of the first ML shell and
remains unchanged during the following shell passivation, resulting in 0.6% (mol %) for
Mn:ZnSe/ZnS core/shell NWs and 0.8% (mol %) for Mn:ZnSe/CdS/ZnS core/shell NWs,
respectively (Figure 3.2c). The decrease of dopant concentration during shell passivation is
consistent with previous reports and is likely due to the partial loss of surface and near-surface
doped Mn.36, 39 The slightly higher doping concentration in the Mn:ZnSe/CdS/ZnS core/shell NWs
can be understood by the formation of the cation alloy (Zn1–xCdxS(e)) during CdS shell coating,
which can provide better doping sites for Mn ions with less size mismatch between host lattice and
dopants (vide infra).44

Figure 3.2 Room-temperature X-band EPR spectra of (a) Mn:ZnSe/ZnS and (b)
Mn:ZnSe/CdS/ZnS core/shell NWs for core, 1 ML, 3 MLs, and 5 MLs. Mn doping concentration
(c) and dipolar contribution (d) in the EPR spectra of the doped NWs.
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To further confirm that Mn2+ ions doped into the lattice of ZnSe NWs and core/shell NWs,
electron paramagnetic resonance (EPR) spectroscopy was used to study the dopant sites in the
NWs (Figure 3.2). X-band EPR data of stochastically doped Mn:ZnSe NCs exhibit weak hyperfine
peaks and a broad dipolar background. The broad dipolar background indicates the presence of
short-range Mn–Mn interactions in the ZnSe NWs.45, 46 The EPR spectra of both Mn:ZnSe/ZnS
and Mn:ZnSe/CdS/ZnS core/shell NWs exhibit two well-resolved components including the broad
dipolar singlet and six hyperfine lines (A = 69.0 G). The sextet hyperfine pattern can be attributed
to Mn doped inside the core lattice of the core/shell NWs.39, 46, 47 Fitting the spectra using dipolar
and core terms of Mn:ZnSe/ZnS(1 ML) core/shell NWs is presented in Figure S3.6. The emergence
of the resolved six-line Mn spectrum in the core/shell NWs indicates the reduction of doping
concentration. In addition, the higher dipolar contribution in the Mn:ZnSe/CdS/ZnS core/shell
NWs indicates higher doping concentration compared with that in Mn:ZnSe/ZnS NWs (Figure
3.2d), which is consistent with the ICP-OES measurements. The EPR spectra of Mn:ZnSe/ZnS
NWs with different ZnS shell thicknesses are very similar with almost the same dipolar
contribution (Figure 3.2a and d). However, a gradual decrease of the dipolar contribution (or
increase in the intensity of the Mn sextet) for Mn:ZnSe/CdS/ZnS core/shell NWs during ZnS shell
passivation can be observed (Figure 3.2b and d). Considering the same Mn concentration for all
Mn:ZnSe/CdS/ZnS core/shell NWs, it indicates a larger Mn–Mn distance with thicker ZnS shells,
which might be attributed to Mn dopant migration in the Mn:ZnSe/CdS/ZnS core/shell NWs.
3.2.1 Optical Properties
Figure 3.3a shows the normalized absorption and PL spectra of Mn:ZnSe NWs with different ZnS
shell thicknesses. The as-prepared Mn:ZnSe NWs exhibit a first exciton absorption band centered
at 370 nm. However, no significant emission from the host lattice and Mn is observed, which might
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be attributed to a large number of surface defects because of the larger surface to volume ratio of
NWs compared with spherical NCs.31 To suppress surface defects and increase the PL QY of the
NWs, we passivated the NWs with a ZnS shell to achieve Mn:ZnSe/ZnS core/shell NWs. The
Mn:ZnSe/ZnS core/shell NWs are type I band alignment because both the conduction and valence
band edges of the ZnSe core lie within the band gap of the ZnS shell. Compared to the Mn:ZnSe
NW core, a gradual enhancement of absorption in the UV range is observed in Mn:ZnSe/ZnS type
I core/shell NWs due to the absorption of the ZnS shell. In addition, the growth of the ZnS shell
can efficiently remove the surface defect states, and therefore the core/shell NWs exhibit a distinct
Mn emission band (from 4T1 to 6A1 transition)35 from 540 to 640 nm (centered at ∼590 nm, Figure
3.3a and c), while no ZnSe PL was observed. Compared to undoped ZnSe/ZnS NWs (Figure S3.7),
the only Mn emission of the doped ZnSe/ZnS NWs (1–5 MLs) indicates strong host–dopant
coupling and therefore an efficient energy transfer from ZnSe host lattice to doped Mn energy
states,48, 49 which imply no significant change in spatial distribution regarding the wavefunctions
of the ZnSe host exciton and Mn dopant ions. Therefore, it is reasonable to conclude that the ZnS
shell passivation on the Mn:ZnSe NWs can enhance PL QY but has little effect on the location of
the incorporated Mn dopant for Mn:ZnSe/ZnS core/shell NWs.
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Figure 3.3 Optical properties of Mn:ZnSe-based core/shell NWs. UV–vis absorption (dotted line)
and PL spectra (solid line, with excitation at 370 nm) of (a) Mn:ZnSe/ZnS and (b)
Mn:ZnSe/CdS/ZnS core/shell NWs. Optical image of (c) Mn:ZnSe/ZnS and (d) and
Mn:ZnSe/CdS/ZnS core/shell NWs dispersed in toluene under room light (top) and UV (bottom,
excitation at 254 nm) irradiation. (e) Peak center of host band gap (BG) and Mn2+ emission as a
function of shell thickness of the core/shell NWs. (f) Intensity ratio of host excitionic PL and Mn
emission as a function of the number of shell MLs. (g) Chromaticity coordinates of
Mn:ZnSe/CdS/ZnS core/shell NWs. (h) The excitation anisotropy (top frame) and absorption
spectra (lower frame) of Mn:ZnSe/CdS/ZnS core/shell NWs (inset in the top frames displays a
schematic energy diagram for the assigned transitions).
Moreover, a small red-shift (∼10 nm) of Mn2+ emission of Mn:ZnSe/ZnS NWs can be
observed from the first to fifth ZnS MLs (Figure 3.3e). One possible explanation for the red-shift
is shell-generated pressure on the surface of the Mn:ZnSe NWs. Ithurria etal. proposed that the
Mn2+ ion would experience different pressures caused by the increased shell growth around the
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Mn-doped CdS/ZnS quantum dots.50 The nearly linear relationship between spectra red-shift and
shell thickness indicates there is no change in dopant location inside the ZnSe core NWs during
the shell passivation, which is further supported using lifetime analysis as discussed below.
The optical properties of the Mn:ZnSe/CdS/ZnS core/shell NWs are shown in Figure 3.3b
and d. The band alignment of ZnSe/CdS is type II based on the band offset of bulk ZnSe and CdS.
However, the Mn:ZnSe/CdS1 ML are quasi type II (i.e., type I1/2) core/shell NWs considering only
about one CdS ML was applied on the ZnS surface.51,

52

The following ZnS-coated

Mn:ZnSe/CdS/ZnS NWs are quasi type II/type I core/multishell NWs. However, the quasi type II
core/shell band alignment and cation alloying (Zn1–xCdxS(e)) at the core/shell interface contribute
to the main feature of the optical properties of the NWs (see discussion below). The staggered
band alignment of the ZnSe/CdS hetrostructure leads to a smaller effective band gap for the
core/shell NWs compared with that of the ZnSe host lattice and therefore causes the red-shift of
the first exciton absorption peak from 370 nm in the Mn:ZnS NWs to ∼425 nm (Figure 3.3b). In
addition to the Mn emission centered around 590 nm, an emission band at ∼475 nm from the quasi
type II ZnSe/CdS heterostructure is also observed for the core/shell NWs (Figure 3.3b and Scheme
3.1). More interestingly, it was found that the ratio of excitonic emission to Mn emission can be
continually tuned from zero to 1.6 during the ZnS shell coating on Mn:ZnSe/CdS/ZnS core/shell
NWs (Figure 3.3f). A nearly pure white light emission can be achieved for the NWs with 5 shell
MLs according to the Commission International de l’Eclariage (CIE) chromaticity coordinates
(0.31, 0.30) (Figure 3.3d and g). In addition, Figure 3.3h shows the excitation anisotropy spectra
from 300 nm to the band edge (monitored at the emission at 475 nm) and the corresponding
absorption spectra for Mn:ZnSe/CdS/ZnS core/shell NWs. For anisotropy measurement, we
incorporated the NWs into polymer films and tried to arrange the NWs into unidirectional arrays
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by stretching the films (see details in the SI).53 The excitation spectra exhibit different anisotropy
(correspond to electronic absorption transitions of the respective NWs) with the highest excitation
anisotropy observed at the band edge (0.33). This result is consistent with the reported anisotropic
properties of 1-D Cd-based II–VI NCs.53, 54

Scheme 3.1 Proposed mechanism of shell-composition-dependent dopant migration behavior and
resulting energy transfer dynamics in the Mn-doped ZnSe NW-based core/shell NWs. The cationic
size mismatch dependent dopant migration is indicated by the scheme on the right.
3.3

Discussion

3.3.1 Shell Composition-Dependent Dopant Migration Behavior
The tunable intensity ratio of the two emission bands of the Mn:ZnSe/CdS/ZnS core/shell
NWs indicates the change in the energy transfer efficiency because the intensity ratio of the Mn
emission (IMn) and the band-gap PL of the NC (IBG) is proportional to the relaxation rate of the
host–dopant energy transfer (kET) (i.e., IMn/IBG ∝ kET).55 Considering the same doping
concentration for the core/shell NWs, changes in the intensity ratio can be explained by changes
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in the dopant site due to dopant migration because the host–dopant energy transfer is dependent
on the spatial overlap between the wavefunctions of exciton and dopant ions and, therefore, is
dopant site dependent.20. 36, 37 Specifically, we postulate that Mn dopants can migrate toward the
alloyed interface during shell passivation. It is accepted that the epitaxial growth of core/shell
heterostructures often involves alloy formation by ion diffusion at the core/shell interface to release
the strain from the lattice mismatch of the core and shell lattice.41, 42, 56 In the Mn:ZnSe/CdS/ZnS
core/shell NWs, the formation of the interfacial alloy can be further facilitated at high temperatures
during ZnS shell growth (2nd–5th MLs), as evidenced by a gradual blue-shift of the host NW PL
(Note: the first ML is CdS in the quasi type II core/shell NWs) (Figure 3.3e).41, 42 Even though it
is a subtle blue-shift, it has proven to be highly reproducible. While the ∼4% lattice mismatch
between ZnSe core and CdS shell in ZnSe/CdS core/shell NCs will lead to an alloyed interface
with an intermediate lattice parameter, we believe the cation alloying (ZnxCd1–xS(e)) has a major
impact on the Mn dopant locations because the ideal substitutional doping sites for metal Mn ions
would be one with minimal cation size mismatch in the lattice.39, 44 Considering the ion radius of
Mn2+ (80 pm) is between that of Cd2+ (92 pm) and Zn2+ (74 pm), thermodynamically, Mn2+ ions
will preferentially occupy the cation sites at the alloyed interface with the formula Zn xCd1–xS(e).
The driving force of Mn2+ ion migration is to reduce the local lattice strain arising from 10%
cationic size mismatch between Mn2+ and Zn2+ ions, and the dopant migration could be facilitated
by the concentration gradient of Mn2+ inside the core/shell crystals at high temperature during shell
growth.
The proposed shell composition-dependent dopant behavior and resulting energy transfer
dynamics are shown in Scheme 3.1. For doped ZnSe NWs, the energy transfer between the host
lattice and Mn dopants can provide an exciton relaxation pathway in addition to radiative and
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nonradiative exciton recombination. However, no emission can be observed in the synthesized
NWs because of a large amount of surface defects present in the 1-D NWs. For doped core/shell
NWs, the formation of the interfacial alloy by releasing the lattice strain can play an important role
on the dopant behavior and host–dopant energy transfer dynamics. For Mn-doped ZnSe/ZnS
core/shell NWs without cation alloying, the ZnS shell coating can enhance the PL QY by
suppressing the surface defect of the NCs. It should be noted that there is a possible anion-alloyed
interface (ZnSe1–xSx) through interdiffusion of S and Se ions in the ZnSe/ZnS core/shell NWs. The
formation of the anion-alloyed interface (ZnSe1–xSx) could release the lattice strain and contribute
to the enhanced PL QY. However, there is no driving force for Mn dopant migration, considering
the identical cationic Zn2+ site is available for Mn dopants in the ZnSe core, ZnS shell, and the
possible anion-alloyed interface (ZnSe1–xSx).
In Mn:ZnSe/CdS/ZnS core/shell NWs, the cation alloy (Zn1–xCdxS(e)) formation during
shell growth can provide less size mismatch to accommodate Mn dopants and therefore lead to
dopant migration toward the alloyed interface. As a result, the coupling between the exciton and
Mn dopant is decreased, which leads to the emergence of the emission band at 475 nm with reduced
exciton–Mn energy transfer efficiency. The Mn dopant migrates progressively toward the interface
of the core/shell NWs during the shell’s growth, leading to a weaker host–dopant coupling and
therefore stronger excitonic emission from the quasi type II host lattice during ZnS shell coating
(2nd–5th MLs). This interpretation is further evidenced by the fact that the Mn emission of the
Mn:ZnSe/CdS/ZnS core/shell NWs exhibits a significantly larger red-shift (total 17 nm shift from
the first to fifth ML, Figure 3.3e) compared to the 10 nm red-shift for Mn:ZnSe/ZnS core/shell
NWs (Figure 3.3e). The larger red-shift in Mn emission of the Mn:ZnSe/CdS/ZnS core/shell NWs
cannot be explained by the pressure model since the thickness of the shell on the top of Mn:ZnSe
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NW is very similar considering the identical outmost 4 MLs ZnS shell of the two samples. 50 But,
it can be explained by the Mn migration to the alloyed interface with less lattice mismatch in the
core/shell NWs. As a result, a smaller crystal field splitting for Mn2+ ions in less distorted
tetrahedral lattice sites leads to a larger spectra red-shift.
For the Mn:ZnSe/CdS/ZnS core/shell NWs, the cation-alloyed interface is evidenced by
the host PL blue-shift as shown in Figure 3.3e and can also account for the slightly higher doping
concentration in the Mn:ZnSe/CdS/ZnS core/shell NWs compared with that in Mn:ZnSe/ZnS
NWs. It has been reported that a substantially increased Mn doping concentration can be achieved
in the CdZnS alloy host lattice compared to the CdS and ZnS lattice.44 It was concluded that the
cationic size mismatch between the Mn ion and host lattice is the dominant factor determining the
extent of Mn doping rather than the crystal structure of the host. Therefore, the higher Mn doping
concentration in the Mn:ZnSe/CdS/ZnS core/shell NWs compared with that in Mn:ZnSe/ZnS
core/shell NWs is consistent with the formation of the cation alloy (Zn1–xCdxS(e)) during CdS and
ZnS shell coating.
It should be noted that the slightly different Mn concentration in the two types of core/shell
NWs might contribute to their different optical properties. To further verify that the change of
optical properties of the two types of NWs is dominated by the different dopant migration behavior
rather than doping concentration, we grew Mn:ZnSe/ZnS/CdS/ZnS core/shell NWs with one ZnS
ML on the first shell before the following CdS and ZnS shells (Figure S3.8). The Mn concentration
in the Mn:ZnSe/ZnS/CdS/ZnS core/shell NWs is nearly the same (0.6%, mol %) as in the
Mn:ZnSe/ZnS core/shell NWs since the same first ZnS ML was applied to the NW core. We still
see a tunable ratio of excitonic emission to Mn emission (from zero to 1.2) during the following
ZnS shell coating process since a similar cation alloying (Zn1–xCdxS(e)) is expected to occur during
91

the shell growth (Figure S3.9). The smaller PL intensity ratio (1.2) in Mn:ZnSe/ZnS/CdS/ZnS
core/shell NWs compared with that of Mn:ZnSe/CdS/ZnS NWs (1.6) can be understood as the first
ZnS ML acting as a barrier layer for dopant migration, considering the same cation environment
(Zn2+) with the ZnSe core. In addition, a clear excitonic PL blue-shift (∼8 nm) can be observed
during successive ZnS shell coating, providing further evidence of interfacial alloying of the
core/shell NWs.
3.3.2 Host–Dopant Energy Transfer Efficiency (ΦET) and Rate (kET)
To confirm the proposed shell-composition-dependent dopant migration behavior and test
the dopant-site-dependent energy transfer dynamics in the Mn:ZnSe-based core/shell NWs, we
studied the host–dopant energy transfer efficiency (ΦET) and energy transfer rate (kET) using both
steady-state and time-resolved fluorescence spectroscopy. The measured lifetime for the band-gap
emission of Mn:ZnSe/CdS/ZnS core/shell NWs decreases significantly compared to those of
corresponding undoped ZnSe/CdS/ZnS core/shell NWs (Figures S3.10 and S3.11, Tables S3.1–
S3.3), which suggests host–dopant energy transfer occurs in the doped NWs.57 The ΦET can be
calculated by the steady-state PL QY measurements (eq 3.1) and the host lattice lifetime
measurements of both doped and undoped core/shell NWs (eq 3.2).57 In addition, we can calculate
the kET (= 1/τET) between the exciton and Mn ions by measuring the host lattice lifetime of the
undoped core/shell NWs using eq 3.58 It should be noted that the nonradiative decay can also
influence the host–dopant energy transfer. However, the similar PL QYs of the doped and undoped
NWs with the same shell have been observed (Figure S3.10). The PL QY for both doped and
undoped NWs increases with shell thickness can be observed and is around 20% with 5 ML shell
passivation. Therefore, it is reasonable to assume similar nonradiative relaxation rates for doped
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and undoped NWs. The theoretical analysis, formula deduction, and practical calculation are
presented in the SI.
𝑄𝑌

Φ𝐸𝑇 = 1 − 𝑄𝑌𝐵𝐺 ≈ 𝑄𝑌𝑀𝑛 /𝑄𝑌𝑈𝐷
𝑈𝐷

𝜏

Φ𝐸𝑇 = 1 − 𝜏 𝐵𝐺

𝑈𝐷

𝐼𝑀𝑛
𝐼𝐵𝐺

= 𝑛Φ𝑀𝑛

𝜏𝑈𝐷−𝑅 𝜆𝐵𝐺
𝜏𝐸𝑇 𝜆𝑀𝑛

(3.1)

(3.2)

(3.3)

where QYBG and QYMn are the band gap and Mn PL QY of doped NCs; QYUD is the band gap PL
QY of the undoped NCs; τBG and τUD are the average band-gap emission lifetime of doped NCs
and undoped NCs; IMn and IBG are emission intensities of Mn and band-gap PL of doped NCs,
respectively; n is the number of Mn ions doped inside one NC; λBG and λMn are the wavelength of
the exciton emission and the Mn emission, respectively; ΦMn is the emission efficiency of a Mn
ion, which can be obtained from eq S3.4; τUD-R is the radiative lifetime of an undoped NCs;
τET (1/kET) is the time for the exciton to transfer its energy to a single Mn ion. The undoped
ZnSe/ZnS(first–fifth MLs),

ZnSe/CdS(first ML)/ZnS(second–fifth MLs),

and

ZnSe/ZnS(first ML)/CdS(second ML)/ZnS(third–fifth MLs) core/shell NWs were synthesized using an
identical synthesis condition except without dopant ions compared to those of doped NCs, and
detailed synthesis and analysis are presented in the SI (Tables S3.3 and S3.4).
Due to the absence of band-gap emission in Mn:ZnSe/ZnS core/shell NWs, the lifetime
(τBG) cannot be measured, and thus the direct calculation of the ΦET and kET from eqs 3.2 and 3.3 is
not possible. Therefore, we used the ratio between the Mn PL QY of doped NCs and undoped NCs
(QYMn/QYUD) to roughly estimate the ΦET using eq 3.1. It was found that ΦET for the
Mn:ZnSe/ZnS core/shell NWs is ∼87% and without significant change in the thickness of the ZnS
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shells (Figure 3.4). However, ΦET decreased from 84.6% to 59.8% for Mn:ZnSe/CdS/ZnS
core/shell NWs when the shell increased from 1 to 5 MLs (eq 3.2, Figure 3.4). This result is
consistent with the results obtained using eq 3.1, which indicates that ΦET strongly depends on the
shelling process and continuously decreases during dopant migration (Table S3.4, Figure S3.12).
To further confirm the shell-component-dependent host–dopant energy transfer, we calculated the
energy transfer rate kET using eq 3.3. The result shows that kET decreased about an order of
magnitude from 2.1 × 106 s–1 to 3.1 × 105 s–1 for Mn:ZnSe/CdS/ZnS core/shell NWs during the
shelling process (Figure 3.4, Table S3.3).

Figure 3.4 Energy transfer efficiency (ΦET) and energy transfer rate (kET) calculated by eqs
3.1 to 3.3 for doped core/shell NWs as a function of shell thickness.
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The energy transfer from exciton and Mn ions depends on the spatial overlap between the
wavefunctions of exciton and dopant ions.20, 36, 37 When the distance between exciton and Mn ions
became larger, the energy transfer efficiency would decrease, slowing down the rate of energy
transfer as in the Mn:ZnSe/CdS/ZnS core/shell NWs (Figure 3.4).20,

36, 37

In contrast, for

Mn:ZnSe/ZnS NWs, without dopant migration, no significant change in ΦET was observed.
Therefore, the calculated results of host–dopant energy transfer efficiency (ΦET) and energy
transfer rate (kET) are consistent with the obtained optical data (Figure 3.3, Figure S3.12) and
provide further proof of Mn-site-dependent energy transfer, as shown in Scheme 3.1.
3.2.3 PL Decay Dynamics of Mn2+ Ions and Mn-Mn Coupling
To further confirm the shell-composition-dependent Mn migration, we studied the PL
decay dynamics of Mn2+ ions via time-resolved emission measurements (Figure 3.5 and Table
S3.5). Figure 3.5a shows no significant change of the PL decay dynamics for the Mn:ZnSe/ZnS
core/shell NWs. However, Mn:ZnSe/CdS/ZnS core/shell NWs display a significant increase in Mn
PL decay lifetime from 4.5 × 10–4 s to 1.3 × 10–3 s (Figure 3.5b,c, Table S3.5) during the shell
growth. The Mn2+ PL decay lifetime (from 4T1 to 6A1 transition) is dopant concentration- and
location-dependent, which is proportional to the Mn–Mn distance (inversely proportional to the
Mn–Mn coupling) within a host NC.20, 36-38 It has been reported that a longer decay time of Mn
ions can be obtained for samples with a larger Mn–Mn distance either by decreasing Mn
concentration in NCs or by placing dopants further away from the core of core/shell NCs.20, 3638

The longer lifetime from more isolated Mn-ion centers is the result of the reduction of the

“concentration quenching” from short-range Mn–Mn interactions.38 In this study, as the Mn
doping concentration is unchanged after the first CdS ML was applied on the Mn:ZnSe core NWs,
the increasing PL lifetime during the following shell growth can be ascribed to the increasing
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distance between Mn ions, which can suppress the nonradiative relaxation of Mn from Mn–Mn
interaction. These results provide clear evidence that the cation-alloyed interface can create a
driving force to trigger Mn2+ ion migration from the core to the alloyed interface and increase the
average distance between Mn ions. The Mn2+ ions’ migration-determined Mn–Mn coupling is
shown in Figure 3.5d. The different Mn lifetime trends (Figure 3.5c) observed in the two types of
Mn:ZnSe-based core/shell NWs (Figure S3.13) further confirmed the proposed interfacial
alloying-mediated dopant migration behavior as shown in Scheme 3.1.

Figure 3.5 PL decays of Mn ions of (a) Mn:ZnSe/ZnS core/shell NWs and (b) Mn:ZnSe/CdS/ZnS
core/shell NWs as a function of shell thickness. (c) Comparison of Mn emission lifetime for the
two types of NWs as a function of shell thickness. (d) Schematic presentation of the shellcomposition-dependent Mn–Mn coupling.
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3.4

Conclusions
In summary, we have developed a facile hot-injection method to synthesize Mn:ZnSe

ultrathin NWs and Mn:ZnSe-based core/shell NWs with designed composition and band
alignment. The impact of the interfacial alloying on the dopant migration and energy transfer
dynamics of the 1-D Mn:ZnSe-based core/shell NWs was investigated. For Mn:ZnSe/ZnS type I
core/shell NWs without cation-alloyed interface, ZnS shell passivation can increase the PL QY,
but has little effect on the dopant location and exciton–Mn energy transfer rate because the
identical cationic Zn sites available for Mn dopants throughout the core/shell NWs provide no
incentive for Mn migration, resulting in a single Mn 4T1 → 6A1 emission. However, for
Mn:ZnSe/CdS/ZnS core/shell NWs, the cation-alloyed interface (with the formula ZnxCd1–xS(e))
can provide more optimized cationic sites with less size mismatch for Mn dopant substitution,
which triggers dopant migration toward the alloyed interface, resulting in a tunable host–dopant
energy transfer rate and Mn–Mn coupling. The interfacial alloy-dependent dopant migration and
energy transfer provide an alternative approach to control the host–dopant coupling and fine-tune
the properties of doped 1-D NCs.
3.5

Experimental

3.5.1 Chemicals
Zn(NO3)2·6H2O (≥99.0%), Se powder (∼100 mesh, ≥99.5%), Mn(NO3)2·xH2O (99.99%), ZnO
(≥99.0%), CdO (≥99.99%), sulfur (99.998%), oleylamine (OAm, 70% technical grade), oleic acid
(90%, technical grade), 1-octadecene (ODE, 90%, technical grade), hexadecylamine (HDA, 90%,
technical grade), ethanol (≥99.5%), toluene (≥99.5%), and rhodamine 6G were purchased from
Aldrich.
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3.5.2 Synthesis of Mn-doped ZnSe (Mn:ZnSe) NWs
Mn:ZnSe NWs were synthesized using a hot-injection method in organic solvents. Mn
doping was achieved by introducing 20% (mol %) Mn source (Mn(NO3)2) into the Zn source
(Zn(NO3)2·6H2O) under an Ar atmosphere. The Se injection solution (0.10 M) was prepared by
dissolving 1.0 mmol (78.9 mg) of Se powder in 10 mL of OAm under Ar protection. The
temperature was increased slowly to 220 °C and kept at this temperature for 2–3 h to fully dissolve
the Se powder into the OAm.
In a typical synthesis, 0.2 mmol (59.5 mg) of Zn(NO3)2·6H2O and 8 mL of OAm were
mixed in a 25 mL three-neck flask. The mixture was degassed for 1 h at room temperature before
the addition of 0.04 mmol (7.2 mg) of a Mn(NO3)2 methanol solution using a syringe. After the
Mn addition, the sample was degassed for 30 min at 75 °C and another 30 min at 100 °C. At 160
°C, a 2 mL Se injection solution (0.10 M) was swiftly injected into the flask. After the Se injection,
the temperature was set at 120 °C and degassed for 10 min. Then the temperature was raised at
∼10 °C/min to 250 °C and kept at this temperature for 20 min. The reaction was quenched by
removing the heating mantle and submerging the flask in a water bath. The Mn:ZnSe NWs were
cleaned three times using chloroform/ethanol before the shell passivation. The undoped NWs that
have an identical core size and a nearly identical shell thickness compared to those of doped NCs
were synthesized using the identical synthesis condition except without the addition of the dopant
ions.
3.5.3 Shell
fifth MLs)

Growth

for

Mn:ZnSe/ZnS(1–5 MLs) and

Mn:ZnSe/CdS(first ML)/ZnS(second–

Core/Shell NWs
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Shell (ZnS and/or CdS)-passivated doped Mn:ZnSe were prepared using a modified version of the
SILAR procedure.40 The SILAR technique is based on alternating anionic and cationic injections
in the solution containing the core NWs for the growth of core/shell NWs. The zinc injection
solution (0.10 M) was prepared by dissolving 1.0 mmol (81.5 mg) of ZnO in oleic acid (1.0 mL)
and ODE (9.0 mL) at 310 °C. The cadmium injection solution (0.10 M) was prepared by dissolving
0.5 mmol (64.2 mg) of CdO in oleic acid (0.5 mL) and ODE (4.5 mL) at 250 °C. The sulfur
injection solution (0.10 M) was prepared by sonicating 1.0 mmol (33.3 mg) of sulfur in ODE (10
mL) for 2 h. All injection solutions were prepared in an Ar atmosphere. For each injection, a
calculated amount of each injection solution was withdrawn with a syringe using an air-free
procedure.32
For the growth of Mn:ZnSe/ZnS core/shell NWs, core Mn:ZnSe NWs (∼3 nm diameter, ∼100 nm
length, 1 × 10–5 mmol) dissolved in 1.0 mL of hexane were mixed with 0.5 g of HDA and 7.6 mL
of ODE in a 25 mL three-neck flask. The flask was then vacuumed for 30 min at 65 °C to remove
excess hexane and another 30 min at 100 °C to remove excess moisture. The system was then
flushed with Ar three times, and the reaction mixture was heated to 200 °C for the shell injections.
The first injection was 0.6 mL of the S injection solution (0.10 M) added dropwise, and the
amounts of the proceeding injections were calculated using the above stated method. Each
injection was allowed to react for 10–15 min before the subsequent injection. The temperature of
the system was raised 10 °C after each ML had been fully injected in order to provide a sufficient
amount of energy for complete surface passivation.
The Mn:ZnSe/CdS/ZnS NWs were synthesized following the same procedure as for
Mn:ZnSe/ZnS core/shell NWs. It should be noted that the PL QY of the core/shell NWs with a full
ML of CdS is very low, which is similar to the result for doped 0-D core/shell NCs reported by
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Gamline etal.59 The optimal thickness of the CdS ML was found to be 0.6 and 0.8 ML for
Mn:ZnSe/CdS/ZnS NWs and Mn:ZnSe/ZnS/CdS/ZnS NWs, respectively. To simplify the
discussion, we refer to these 0.6 and 0.8 CdS ML as one ML in this work. The core/shell NWs
were dissolved with a minimal amount of toluene followed by adding ethanol to crash the NWs
out of the solution. The sample was cleaned twice for optical measurements. For TEM, powderXRD, and ICP-OES investigation, the NWs need to be cleaned at least five times to remove the
extra amine ligands on the surface of the NWs. The undoped ZnSe/ZnS, ZnSe/CdS/ZnS, and
ZnSe/ZnS/CdS/ZnS core/shell NWs were synthesized using an identical synthesis procedure
except without the addition of dopant ions compared to those of doped NWs.
3.5.4 Sample Characterizations
Powder X-ray diffraction (XRD) patterns were taken on a Bruker D8 Advance powder
diffractometer using Cu Kα radiation (λ = 1.5406 Å). Transmission electron microscopy (TEM)
measurements were performed on a FEI T12 Twin TEM operated at 120 kV with a LaB6 filament
and Gatan Orius dual-scan CCD camera. ICP-OES for elemental analysis was performed on a
PerkinElmer Optima 3300DV. For a standard ICP-OES measurement, the powdered samples were
completely dissolved in 90% HNO3, heated to remove excess NOx, and then diluted with ∼5 mL
of ultrapure water. Room-temperature EPR spectra were recorded at a microwave frequency of 9.4
GHz on a BRU188 KER ELEXSYS-II E500 spectrometer.
The UV–visible spectrophotometry measurements were collected on an Agilent Cary 60
spectrophotometer. Steady-state and time-resolved emission spectroscopy were recorded using an
Edinburgh FLS-980 spectrometer with a photomultiplier tube (R928 Hamamatsu) detector. For
collection of steady-state emission spectra, the excitation wavelength was set to 370 nm, and a 380
nm long-wave pass optical filter was used to remove extraneous wavelengths from the excitation
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light. The chromaticity plots are produced according to CIE 1931 (CIE: Commission International
de l’Eclariage, International Commission on Illumination). Time-resolved emission measurements
were made by the time-correlated single photon counting capability of the same instrument (FLS980). For band-gap emission measurement, the pulsed excitation light (365 nm) was generated by
an Edinburgh EPL-365 pulsed laser diode operating at a repetition rate of 0.2 MHz. The maximum
emission channel count rate was less than 5% of the laser channel count rate, and each data set
collected 5000 counts on the maximum channel. For Mn emission lifetime measurement, the
pulsed excitation light (365 nm) was generated by an μF2 60 W xenon flashlamp operating at a
repetition rate of 20 Hz. The detector signal was set below a threshold of 5000 counts per second.
The lifetime of emission was determined by a reconvolution fit with the instrument response
function using the Edinburgh F980 software. In all cases, emission decay was satisfactorily fitted
with a three-exponential function after reconvolution with goodness-of-fit (χR2) in the range
between 1.0 and 1.3.
3.6

Supporting Information

3.6.1. The theoretical analysis and calculation of the Host-dopant Energy Transfer
Efficiency (ФET) and Rate (kET).
To test the origin of variety of the number of emission band(s) and the ratio of the dual-band
emission, we studied the ФET and kET from exciton to Mn ions. In doped nanocrystals (NCs), an
electron–hole pair (an exciton) is created when a photon is absorbed by host NCs. This excited
electron-hole pair could be mainly deactivated via three possible pathways:20 1) radiative
recombination at the NCs band edge with the rate constant kBG-R; 2) non-radiative recombination
at the NC band edge with the rate constant kBG-NR; and 3) energy transfer to a Mn ion, with the rate
constant n×kET, where n is the number of Mn ions doped inside one NC. After the energy is
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transferred to a Mn ion, the excited Mn ion (4T1) relaxes to its ground state (6A1), either radiatively
with the rate constant kMn-R, or non-radiatively with the rate constant kMn-NR.
Under steady-state approximation,86 the efficiencies of these processes can be described by
equations as follows:
QYBG =
ФET =

𝑘BG−R

(S3.1)

𝑘BG−R +𝑘BG−NR +𝑛𝑘ET

𝑛𝑘ET
𝑘BG−R +𝑘BG−NR +𝑛𝑘ET

ФMn =

=1−

𝑘Mn−R
𝑘Mn−R +𝑘Mn−NR

QYMn = ФET × ФMn

QYBG
QYUD

≈

QYMn
QYUD

(S3.2)

(S.33)
(S3.4)

For which the QYBG and QYMn are the band-gap and Mn PL quantum yield (QY) of doped NCs,
respectively; QYUD is the band-gap PL QY of the undoped NCs. In general, the value of kBG-R is
related to their intrinsic properties of wavefunctions of the exciton, i.e. core size, shell thickness
and composition of the NCs. The value of kBG-NR is related to the surface-trap states of the NCs.
kET is related to the overlap between the wavefunctions of exciton and Mn dopants, thus the
distance between exciton and Mn ions.
In our experiments, these doped and undoped core/shell NWs have an identical core size and a
nearly identical shell thickness. The QY of both Mn doped NWs and undoped NWs are
summarized in Figure S3.10 and Table S3.4. The same trend of shell thickness-dependent total
QYs of doped and undoped NWs can be observed. In addition, very similar QYs were obtained
for both doped and undoped NWs with the same shell composition and thickness. There is only
about 10% difference in QYs between corresponding doped and undoped NWs. Therefore, for the
NWs with the same shell thickness, it is reasonable to assume that the nonradiative relaxation rate
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constants (kBG-NR) are nearly identical in doped and undoped core/shell NWs (Note NWs with
different number of shell layers have different kBG-R and kBG-NR). Therefore, the QYBG and QYMn
can be used to roughly estimate the ФET and ФMn by using the QYUD of the undoped NCs, as shown
in equations (S3.2) and (S3.4), and the ratio of τBG/τUD can also be used to roughly estimate the
trend of ФET (vide infra).
To further reveal the fundamental mechanism of exciton relaxation and energy transfer
dynamics in the doped NWs, the time-resolved PL spectra of the samples was studied.
Experimentally, if the PL emission lifetime can be directly measured, equation S3.5 can be used
to calculate the ФET and energy transfer rate (kET) between the exciton and Mn ions:58, 87, 88
∞

ФET = 1 −

∫0 𝐼BG (𝑡)𝑑𝑡
∞
∫0 𝐼UD (𝑡)𝑑𝑡

(S3.5)

In which the integrals of I(t) are proportional to the steady state PL intensity of doped and undoped
NCs. For NCs, ideal exponential decay is rarely found in practical systems. Therefore, multiexponential decay the lifetimes can be expressed by equation S3.6:
𝑡

𝐼(𝑡) = ∑𝑖 𝑎𝑖 exp(− 𝜏 )
𝑖

(S3.6)

The lifetime data can fit to a series of exponentials until the residuals showed no systematic
deviation and the chi-squared value was reduced (three components were needed, Table S3.1S3.3). Then, the average emission lifetime, τBG and τUD, can be calculated using following
equation.
𝜏𝑒𝑥𝑝 =

∑3𝑖=1 𝑎𝑖 𝜏𝑖2
∑3𝑖=1 𝑎𝑖 𝜏𝑖

(S3.7)

Where τexp (τBG and τUD) is experimentally detected PL decay; ai is the fractional amplitude of
component i, and τi is the lifetime of component i; i is the number of exponentials;
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In this case, equation S3.5 can be rewritten by using the lifetime values derived from the decay
curves as equation S3.8:
ФET = 1 −

τBG

(S3.8)

τUD

Since the PL emission lifetime can be measured, the energy transfer rate kET between the exciton
and Mn ions can be interpreted quantitatively using the following equation:58
𝐼𝑀𝑛
𝐼𝐵𝐺

= 𝑛Ф𝑀𝑛

𝜏𝑈𝐷−𝑅 𝜆𝐵𝐺
𝜏𝐸𝑇 𝜆𝑀𝑛

(S3.9)

Where IMn and IBG are intensities of Mn emission and band-gap PL of the doped NCs, respectively;
n is the number of Mn ions doped inside one NC; λBG is the wavelength of the exciton emission,
λMn is the wavelength of the Mn emission; ФMn is the emission efficiency of a Mn ion, which can
obtain from equation S3.4; τUD-R and τUD-NR are the radiative and non-radiative lifetimes of an
undoped NCs; τET is the time for the exciton to transfer its energy to a single Mn ions.
However, the radiative lifetimes of τBG-R and τUD-R cannot be obtained directly from lifetime
measurements. Generally, we can resolve the experimental lifetime τUD (τexp) of a given state to
the radiative and non-radiative lifetimes (τUD-R and τUD-NR) respectively using equations S3.10 and
S3.11:60, 61
𝜏UD−R =
1
𝜏UD−NR

1
𝑘UD−R

= 𝑘UD−NR =

=
1
𝜏UD

𝜏𝑈𝐷

(S3.10)

QYUD

−

1
𝜏UD−R

(S3.11)

Therefore, the energy transfer rate kET (1/τET) can be obtained when τUD-R is calculated from
equation S10. However, the equations S3.10 and S3.11 can apply only to a simple system with a
radiative and a non-radiative relaxation (i.e. two relaxation pathways). Therefore, these equations
cannot be applied to doped NCs with the third transition between exciton and Mn ions.60 So, we
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can estimate the ФET by using the τBG of the doped NCs and τUD of the undoped NCs using equation
S3.8.
3.6.2 Measurements of Excitation Anisotropy.
Preparation of Stretched Polymer Films
The stretched polymer film was prepared by following a reported protocols.53 For typical
film preparation, 36 mg polymer (poly(butyl methacrylate)-co-(isobutyl methacrylate)) were
added to 0.5 mL NWs (absorbance is ~0.8 at 370 nm) solution in chloroform. Then the solution
was added to cover the entire area of a glass substrate (22 × 22 mm2). The chloroform was
evaporated at room temperature. The resulting NW−polymer composites were then delaminated
from the slide. Freestanding films were placed between two Teflon clamps and stretched by hand
to about 200−300% the original free-standing lengths after submersion in a warm water bath
(60−80 °C). While held under unidirectional tension, the films were subsequently submerged in
cold water to set their conformation. The films were often trimmed to isolate unidirectionally
stretched region and stored below room temperature to slow thermal relaxation.
Anisotropy Measurements
Excitation anisotropy was measured by an Edinburgh FLS-980 spectrometer. For the
stretched polymer film anisotropy experiment, the maximum optical density is controlled to be
less than 0.1 between 300 nm and the band edge. The excitation anisotropy measurement can be
carried out by collecting either the reflected/scattered emission (front-face excitation) or
transmitted emission (back-face excitation) of the films. The sample is illuminated with polarized
light at a range of wavelengths (300 nm to band edge) by a 450 W xenon arc lamp. The monitoring
position at 475 nm of band gap emission of the Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs) core/shell
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NWs. A polarizer is placed in the excitation beam path to control the excitation polarization, while
the transmitted light also passes through a polarizer before being collected by the detector. Vertical
and horizontal fluorescence components are measured consecutively.
It is known that elongated NCs, such as NWs, can show linearly polarized absorption &
emissions due to the unequal electric field strength along different dimensions.89,
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For

Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs) core/shell NWs, the states can be defined as the notation (nσ
c/v, lm)

and the relevant transition is schedule in inset in the top frames of Figure 3h,54 in which n

refers to the quantum number of the envelope function along the z-direction in the valence (σv)
or conduction (σc) band, and lm refers to the predominant atomic orbitals associated with the state.
It has been observed that Mn:ZnSe/CdS(1st

ML)/ZnS(2nd–5th MLs)

core/shell NWs demonstrate

maximal anisotropy (0.33) at the band edge. This result is consistent with that of the anisotropic
Cd based 1-D II-VI NCs, which the highest excitation anisotropy is observed at the band edge.89,
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The band edge transition and the third transition in the excitation anisotropy spectrum is assigned

to the (1σv, pz) → (1σc, s) and (2σv , pz) → (2σc, s) transitions, respectively.54 Both transtions
originate from the z-polarized states and therefore polarized along the long c-axis. The second
transition, however, can be assigned to the (1σv, pxy) → (1σc, s) transition which is polarized
perpendicular to the long c-axis (i.e. xy-planar polarized state). At short wavelengths (below 400
nm), no distinct electronic contribution to the excitation anisotropy can be observed, and the
anisotropy closes to an asymptotic value of ~0.05, which might be arises from the dielectric effect.
These results agree with recent absorption transitions measurements of CdSe nanowires, of which
the polarization originates from the atomic orbital nature of the states.54
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3.6.3 Figures and Tables
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Figure S3.1 TEM images, diameter and length histograms of (a) Mn:ZnSe core NWs, and (b-g)
the as-prepared Mn:ZnSe/ZnS(1st–5th MLs) core/shell NWs.

Figure S3.2 Selective TEM images, diameter and length histograms of the Mn:ZnSe/CdS(1st
ML)/ZnS(2nd–5th MLs)

core/shell NWs (a) 1 ML, (b) 3 MLs and (c) 5 MLs.
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Figure S3.3 PL QY of the Mn:ZnSe/ZnS(1st–5th MLs) core/shell NWs as a function of ZnS shell
thickness.

Figure S3.4 XRD patterns of Mn:ZnSe core NWs and Mn:ZnSe/ZnS(1st–5th MLs) core/shell NWs,
the standard XRD patterns of hexagonal wurtzite ZnSe and ZnS are given for reference.
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Figure S3.5 XRD patterns of Mn:ZnSe core NWs and Mn:ZnSe/CdS(1st

ML)/ZnS(2nd–5th MLs)

core/shell, the standard XRD patterns of hexagonal wurtzite ZnSe and ZnS are given for reference.
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Figure S3.6 The fitting of EPR spectra of Mn:ZnSe/ZnS(1 ML) core/shell NWs: original data (green
line), dipolar term (blue line) and hyperfine term (red line).
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Figure S3.7 UV-vis absorption spectra (dotted line) and room-temperature PL spectra (solid line)
of undoped (a) ZnSe/ZnS(1st–5th
ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs)

MLs),

(b) ZnSe/CdS(1st

ML)/ZnS(2nd–5th MLs)

and (c) ZnSe/ZnS(1st

core/shell NWs.

Figure S3.8 Optical characterization of Mn:ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs) core/shell
NWs. (a) UV-vis absorption spectra (dotted line) and room-temperature PL spectra (solid line) of
the NWs with UV excitation at 370 nm; (b) Peak center of Mn2+ emission as a function of shell
thickness of the core/shell NWs; (c) Chromaticity coordinates of the series of Mn:ZnSe/ZnS (1st
ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs)

core/shell NWs; (d) An optical image of the Mn-doped NWs

dispersed in toluene under room light (top) and UV (bottom, excitation at 254 nm) irradiation.
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Figure S3.9 The ratio of IBG/IMn of Mn:ZnSe/ZnS(1st–5th MLs), Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs)
and Mn:ZnSe/ZnS(1st

ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs)

core/shell NWs as a function of shell

thickness.
Table S3.1 The lifetime decay parameters of band gap emission for undoped core/shell NWs.
Samples

# of
MLs

τ1 (s)

a1

τ2 (s)

a2

τ3 (s)

a3

Average
life-time (s)

4.84E-09

6.31E+03

1.03E-08

6.81E+02

7.26E-08

7.11E+01

1.39E-08

5.25E-09

6.25E+03

1.06E-08

6.35E+02

8.07E-08

7.02E+01

1.55E-08

5.69E-09

5.81E+03

1.20E-08

7.29E+02

1.06E-07

7.38E+01

2.26E-08

7.19E-09

4.88E+03

1.53E-08

8.58E+02

1.56E-07

7.68E+01

3.87E-08

6.65E-09

4.81E+03

1.52E-08

8.74E+02

1.51E-07

8.60E+01

4.07E-08

1 ML

4.25E-09

5.08E+03

2.75E-08

9.24E+02

1.53E-07

1.16E+02

5.39E-08

2 ML

4.44E-09

4.62E+03

2.97E-08

9.81E+02

1.68E-07

9.25E+01

5.46E-08

3 ML

5.45E-09

3.65E+03

3.26E-08

1.15E+03

1.81E-07

8.01E+01

5.48E-08

4 ML

6.43E-09

3.62E+03

3.62E-08

1.47E+03

1.86E-07

9.59E+01

5.70E-08

5 ML

7.62E-09

3.80E+03

4.13E-08

1.44E+03

1.95E-07

1.01E+02

6.04E-08

4.94E-09

6.41E+03

1.13E-08

6.84E+02

7.46E-08

7.12E+01

1.43E-08

2.53E-09

3.02E+03

1.43E-08

1.02E+03

9.53E-08

2.03E+02

4.97E-08

2.18E-09

3.08E+03

1.48E-08

1.14E+03

1.08E-07

2.19E+02

5.97E-08

2.51E-09

3.36E+03

1.57E-08

1.16E+03

1.12E-07

2.27E+02

6.05E-08

2.44E-09

3.39E+03

1.69E-08

1.27E+03

1.07E-07

2.96E+02

6.15E-08

1 ML
2 ML
ZnSe/ZnS(1st–5th
MLs) core/shell
NWs

3 ML
4 ML
5 ML

ZnSe/CdS(1st
ML)/ZnS(2nd–5th
MLs) core/shell
NWs

1 ML
ZnSe/ZnS(1st
ML)/CdS(2nd
ML)/ZnS(3rd – 5th
MLs) core/shell
NWs

2 ML
3 ML
4 ML
5 ML
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Table S3.2 The lifetime decay parameters of band gap emission for doped core/shell NWs.
Samples

τ1

# of MLs

Mn:ZnSe/CdS(1st
ML)/ZnS(2nd–5th
MLs) core/shell
NWs

Mn:ZnSe/ZnS(1st
ML)/CdS(2nd
ML)/ZnS(3rd – 5th
MLs) core/shell
NWs

(s)

a1

τ2 (s)

a2

τ3 (s)

a3

Average
life-time
(s)

1 ML

1.02E-09

5.30E+03

5.77E-09

8.08E+02

2.80E-08

9.24E+01

8.31E-09

2 ML

1.09E-09

5.40E+03

6.25E-09

8.44E+02

3.06E-08

1.12E+02

9.89E-09

3 ML

1.20E-09

5.15E+03

6.36E-09

9.91E+02

3.87E-08

1.13E+02

1.29E-08

4 ML

1.51E-09

4.19E+03

8.98E-09

1.10E+03

5.26E-08

9.19E+01

1.68E-08

5 ML

1.49E-09

4.07E+03

1.03E-08

1.17E+03

6.86E-08

1.01E+02

2.43E-08

2 ML

1.07E-09

4.93E+03

5.29E-09

1.16E+03

2.81E-08

9.40E+01

8.00E-09

3 ML

1.51E-09

4.22E+03

7.52E-09

1.43E+03

3.87E-08

1.01E+02

1.15E-08

4 ML

2.53E-09

3.38E+03

1.06E-08

1.33E+03

5.47E-08

8.18E+01

1.53E-08

5 ML

1.44E-09

4.18E+03

9.37E-09

1.19E+03

4.68E-08

1.79E+02

1.98E-08

Table S3.3 The average lifetime, ФET, and kET of doped and undoped core/shell NWs.
Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs) core/shell NWs

Mn:ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs) core/shell
NWs

1ML

2ML

3ML

4ML

5ML

1ML

2ML

3ML

4ML

5ML

8.3 × 10-

9.9 × 10-

1.3 × 10-

1.7 × 10-

2.4 × 10-

-

8.0 × 10-

1.2× 10-8

1.5 × 10-

2.0 × 10-8

9

9

8

8

8

IBG/IMn

0.23

0.38

0.72

1.14

1.60

-

0.52

0.73

0.85

1.23

λBG (nm)

467

477

474

474

474

-

456

453

450

448

λMn (nm)

579

585

590

595

596

574

577

580

584

588

ФETa (%)

84.6

81.9

76.5

70.6

59.8

100

83.9

80.7

74.6

67.8

kETb (s-1)

2.1 × 106

1.3× 106

6.9× 105

4.1 × 105

3.1 × 105

-

3.6 × 106

1.5 × 106

1.1 × 106

7.9 × 105

τBG (s)

ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs) core/shell NWs

τUD (s)

τUD-R (s)

τUD-NR (s)

a

9

8

ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs) core/shell NWs

1ML

2ML

3ML

4ML

5ML

1ML

2ML

3ML

4ML

5ML

5.4 × 10-

5.5 × 10-

5.6 × 10-

5.7 × 10-

6.0 × 10-

1.4 × 10-

5.0 × 10-

5.9 × 10-

6.0 × 10-

6.1 × 10-8

8

8

8

8

8

8

8

8

8

1.6 × 10-

8.1 × 10-

3.8 × 10-

2.0 × 10-

1.9 × 10-

2.4 × 10-

2.8 × 10-

2.5 × 10-

2.2 × 10-

6

7

7

7

7

7

7

7

7

5.6 × 10-

5.8 × 10-

6.4 × 10-

8.0 × 10-

8.8 × 10-

1.5 × 10-

6.0 × 10-

7.9 × 10-

8.3 × 10-

8

8

8

8

8

8

8

8

8

1.9 × 10-7

9.0 × 10-8

ФET is the energy transfer efficiency calculated by equation 2;b kET is the energy transfer rate

calculated by equation 3.
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Table S3.4 The QY and ФET for doped and undoped NWs.
Mn:ZnSe/ZnS(1st–5th MLs) core/shell

Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs)

NWs

core/shell NWs

5th MLs)

core/shell NWs

1ML

2ML

3ML

4ML

5ML

1ML

2ML

3ML

4ML

5ML

1ML

2ML

3ML

4ML

5ML

QYBG (%)

0

0

0

0

0

0.5

1.5

4.8

12.4

15.6

0

2.4

5.6

7.5

10.6

QYMn (%)

2.8

4.1

7.5

12.7

13.8

2.2

4.0

6.6

10.9

9.7

2.5

4.5

7.6

8.8

8.2

QYTol (%)

2.8

4.1

7.5

12.7

13.8

2.7

5.5

11.4

23.3

25.3

2.5

6.9

13.2

16.3

18.8

ФETc (%)

88.9

86.3

87.2

84.4

86.1

83.8

76.7

61.8

47.5

44.5

88

80.7

65.8

58.0

52.6

ZnSe/ZnS(1st–5th MLs) core/shell NWs

ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs)

ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th

core/shell NWs

MLs)

core/shell NWs

1ML

2ML

3ML

4ML

5ML

1ML

2ML

3ML

4ML

5ML

1ML

2ML

3ML

4ML

5ML

3.1

4.7

8.7

14.9

16.0

3.2

6.6

12.5

23.6

28.0

2.8

12.3

16.3

17.9

22.4

QYUD (%)
c

Mn:ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd –

ФET is the energy transfer efficiency calculated by equation 1.

Table S3.5 The lifetime decay parameters of Mn emission for doped core/shell NWs.
Samples

Mn:ZnSe/ZnS(1st–5th
MLs) core/shell NWs

Mn:ZnSe/CdS(1st
ML)/ZnS(2nd–5th MLs)
core/shell NWs

Mn:ZnSe/ZnS(1st
ML)/CdS(2nd ML)/ZnS(3rd –
5th MLs) core/shell NWs

# of MLs

τ1
(s)

a1

τ2 (s)

a2

τ3 (s)

a3

Average
life-time
(s)

1 ML

8.24E-05

1.87E+03

3.15E-04

2.09E+03

1.21E-03

2.20E+02

5.01E-04

2 ML

1.69E-04

1.97E+03

4.94E-04

2.65E+03

1.34E-03

2.84E+02

6.01E-04

3 ML

1.83E-04

2.84E+03

5.46E-04

1.82E+03

1.73E-03

1.56E+02

6.19E-04

4 ML

1.58E-04

2.13E+03

4.53E-04

2.11E+03

1.55E-03

2.23E+02

6.25E-04

5 ML

1.74E-04

2.60E+03

5.05E-04

2.10E+03

1.73E-03

1.80E+02

6.32E-04

1 ML

4.65E-06

5.47E+03

1.72E-04

1.34E+03

7.41E-04

3.56E+02

4.53E-04

2 ML

6.31E-06

4.29E+03

3.35E-04

1.77E+03

1.32E-03

3.51E+02

7.47E-04

3 ML

4.57E-06

6.20E+03

4.10E-04

1.47E+03

1.69E-03

2.70E+02

9.38E-04

4 ML

2.91E-04

2.64E+03

7.65E-04

1.58E+03

2.70E-03

2.79E+02

1.17E-03

5 ML

2.73E-04

2.51E+03

7.68E-04

1.83E+03

2.89E-03

3.16E+02

1.30E-03

1 ML

8.24E-05

1.87E+03

3.25E-04

2.09E+03

1.11E-03

2.30E+02

4.73E-04

2 ML

1.69E-04

1.97E+03

4.94E-04

2.65E+03

1.43E-03

2.74E+02

6.22E-04

3 ML

1.74E-04

2.80E+03

5.35E-04

2.10E+03

1.90E-03

1.90E+02

6.96E-04

4 ML

1.87E-04

2.34E+03

5.29E-04

1.87E+03

1.89E-03

2.48E+02

7.88E-04

5 ML

5.66E-06

5.60E+03

4.11E-04

1.98E+03

1.54E-03

3.79E+02

8.61E-04

115

Figure S3.10 (a) PL QY of undoped core/shell NWs as a function of shell thickness; (b) total PL
QY, (c) band gap PL QY, and (d) Mn PL QY of doped core/shell NWs as a function of shell
thickness.
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Figure S3.11 Band gap PL decays of (a) undoped ZnSe/ZnS(1st–5th MLs), (b) undoped ZnSe/CdS(1st
ML)/ZnS(2nd–5th MLs),

(c) Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs), (d) undoped ZnSe/ZnS(1st ML)/CdS(2nd

ML)/ZnS(3rd – 5th MLs),

and (f) Mn:ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs) core/shell NWs as a

function of shell thickness, respectively.

Figure S3.12 The energy transfer efficiency (ФET) calculated by (a) steady-state (equation S2) and
(b) lifetime (equation S8) measurement for doped core/shell NWs as a function of shell thickness.
(c) The energy transfer rate (kET) calculated by lifetime measurement (equation S9) for doped
core/shell NWs as a function of shell thickness.
To further prove the dopant migration model, we performed the lifetime analysis on
Mn:ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs) core/shell NWs with the one ZnS ML was added
as a barrier for Mn migration on the surface of Mn:ZnSe NWs. For the core/shell NWs, a cation
alloyed interface can form, causing Mn dopant migration to be expected, which will influence the
ФET and kET. Based on the lifetime measurements of the Mn doped and undoped ZnSe/ZnS(1st
ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs)

core/shell NWs, a similar trend is observed for ФET and kET

(decreased value with increasing shell thickness) as compared to Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th
MLs) NWs

(Figure S12), but with slightly larger values (Table S3-S4). The larger ФET and kET values
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indicates that Mn:ZnSe/ZnS(1st ML)/CdS(2nd ML)/ZnS(3rd – 5th MLs) core/shell NWs have a relatively
small driving force for Mn2+ ion migration when compared to Mn:ZnSe/CdS(1st ML)/ZnS(2nd–5th MLs)
core/shell NWs with the additional one barrier ZnS ML.

Figure S3.13 The comparison of Mn emission lifetime for the three types of NWs as a function of
shell thickness.
3.7
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Chapter 4
Thermodynamic Behavior of Incorporated Dopants in Core/Shell
Quantum Dots
While dopants can be introduced into the QD lattice through many synthetic methods, little attention has
been paid to the behavior of dopants after they are incorporated inside QDs. In this work, in addition to the
partial loss of surface dopants during initial ZnS shell passivation of Mn(II)-doped CdS QDs, we have
identified two well-defined behaviors of incorporated Mn dopants: dopant migration and ejection separated
by a temperature boundary (Tb) at ~200 °C within CdS/ZnS core/shell QDs. Mn migration toward the
alloyed interface, below Tb, weakens the host-dopant interaction and is identified as a new elementary
process for dopants requiring a lower activation energy than dopant ejection. At temperatures higher than
the Tb, dopant ejection and global alloying of CdS/ZnS QDs can occur, leading to stronger host-dopant
coupling. The behavior of incorporated dopants inside QDs is fundamentally important for understanding
doping mechanisms and the host-dopant interaction-dependent properties of doped nanomaterials.

4.1

Introduction
Incorporation of transition metal ions as dopants into semiconductor quantum dots (QDs)

can introduce new optical, electronic, and magnetic properties,1-11 making the doped QDs valuable
components for applications in light emitting devices, bioimaging, solar cells, and spintronics.1216

The properties of doped QDs are strongly influenced by the dopant sites (i.e. surface, core, or

specific depth from the surface) inside the QDs,17-21 which determines the host-dopant coupling
from the overlap between the dopant and exciton wavefunctions of the host lattice.5 Tuning dopant
sites after incorporation in the host lattice, however, is both challenging and underexplored.
In the past two decades, many synthetic methodologies have been developed for
introducing dopants inside QDs. Successful doping by dopant incorporation up to its solubility
limit can be achieved by a pre-doped single source precursor,7, 8, 22 nucleation doping,23, 24 growth
doping,17, 25-27 as well as ion exchange and diffusion.3, 28-30 Generally, there are three elementary
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processes in solution-phase syntheses involved during the doping of QDs including surface
adsorption, dopant diffusion and incorporation, and dopant ejection.31 Successful dopant
incorporation could be realized after dopant adsorption on the growing facet of a QD with
sufficient binding energy.2 Dopant ejection is a self-purification process, causing the removal of
dopant ions from the host lattice, which can occur during high temperature annealing.32, 33 The
overall effect of the three processes determines the final dopant concentration and location inside
a host QD. Despite significant developments in the synthesis of doped QDs, little attention has
been paid to the behavior of dopants after they are incorporated inside QDs (such as during postsynthetic shell passivation), or toward a mechanistic understanding of dopant behavior in the host
core/shell lattice. Shell passivated core/shell QDs, with improved stability and enhanced optical
and electronic properties, account for a significant portion of functional nanomaterials used in
energy and biological applications, causing a need for a deeper understanding of these systems.34
Recently, we found that the local composition of the host core/shell lattice, specifically at
the core/shell interface, has a profound effect on the behavior of incorporated dopants inside the
core/shell nanocrystals. We presented evidence that Mn(II) dopants migrate toward the alloyed
interface of CdS/ZnS core/shell QDs19 and ZnSe/CdS/ZnS core/multi-shell nanowires35 during
shell passivation using the successive ion layer adsorption and reaction (SILAR) method. Dopant
migration can be initiated by the availability of dopant sites with smaller cationic size mismatch
at the cation-alloyed interface of the core/shell nanocrystals to minimize the lattice strain between
Mn(II) dopants and the host lattice. Therefore, host-dopant interaction and the energy transfer
between the host lattice and dopants can be finely turned over a wide range by dopant migration,
which provides an efficient method to control the optical properties of doped nanocrystals
including the number of emission bands and the ratio between the emission from the host lattice
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and dopant ions. It is still unclear, however, how to assign the dopant migration behavior based on
the current understanding of doping theory. Specifically, if the dopant migration is a new isolated
process in addition to the three elemental processes for dopants (i.e. surface adsorption, dopant
diffusion and incorporation, and dopant ejection),31 or a similar process as dopant ejection initiated
during the self-purification process, is unknown.
Experimentally, it would be challenging to discern the dopant migration behavior inside
core/shell QDs apart from other processes including ejection behavior since dopant ejection can
occur during high temperature annealing.32, 33 To epitaxially passivate a II-VI group shell using
organometallic reagents36, 37 or the widely applied SILAR methods38 for the growth of core/shell
QDs, relatively high temperatures are required (general above 180 °C for the growth of a ZnS
shell)17, 19 limited by the reactivity of shell precursors and the boiling temperature of solvents.
Therefore, making the distinction between the dopant migration and ejection behavior at these
elevated temperatures is difficult.
In this work, we prepared Mn:CdS/ZnS core/shell QDs utilizing a highly reactive zinc and
sulfur containing precursor, zinc diethyldithiocarbamate (Zn(DDTC)2, for ZnS shell growth
(Figure 1a). The Zn(DDTC)2 precursor is thermally unstable at temperatures as low as 100 ˚C in
the presence of amines,39 which can rapidly decompose and condenses onto the Mn:CdS QDs to
form Mn:CdS/ZnS core/shell QDs. This single source shelling precursor (SSSP) method allows us
to monitor the dopant behavior in a wide temperature range (120 °C to 300 °C in this study)
compared with the typical SILAR method.
We have examined the dopant behavior during ZnS shell growth on the surface of the Mndoped CdS QDs (Mn:CdS), which can be resolved into three distinct stages including: I) surface
dopant replacement during the initial ZnS passivation; II) dopant migration toward the alloyed
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interface of CdS/ZnS core/shell QDs; and III) dopant ejection above a temperature boundary (T b,
~200 °C). We found that dopant behavior is highly dependent upon the internal composition of the
host QDs, primarily related to the presence/extent of alloying (alloyed interface or globally-alloyed
QDs), and temperature. Specifically, dopant migration toward the alloyed interface (Cd1-xZnxS) of
the core/shell QDs, decreasing host-dopant coupling, requires less energy than dopant ejection and
can be initiated by the availability of dopant sites with smaller cationic size mismatch inside the
QDs below Tb. Above Tb, however, dopant ejection can occur accompanied by global alloying of
QDs with strengthened host-dopant coupling. Therefore, dopant migration in the presence of
lattice mismatch in core/shell QDs was identified as a new elementary process for incorporated
dopants inside host core/shell QDs, requiring a lower activation energy compared to dopant
ejection. The temperature- and lattice micro-composition-dependent dopant behaviors provide
new ways to fine tune the dopant arrangement inside QDs and consequently the properties of doped
QDs. Thermodynamic behavior of an incorporated dopant inside a QD is fundamentally important
for understanding doping mechanisms and host-dopant interactions.
4.2

Results

4.2.1 Structure and micro-composition of Mn:CdS/ZnS core/shell QDs
Mn:CdS QDs were synthesized through a colloidal hot-injection method, as previously
reported.19 The Mn:CdS QDs of 3.0 nm average size (Figure 4.1b) are in the zinc blend phase
based on the X-ray diffraction (XRD) pattern (Figure 4.1e). To monitor the structural and
composition changes of the host core/shell QDs in a wider temperature range, we synthesized ZnS
shell passivated Mn:CdS QDs (i.e., Mn:CdS/ZnS core/shell QDs) using a SSSP method by heating
Zn(DDTC)2 with purified Mn:CdS QDs from 120 °C to 300 °C (See details in Supporting
Information). The Zn(DDTC)2 precursor rapidly decomposed above 100 ˚C in the presence of
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oleylamine and condensed onto the Mn:CdS QDs to form Mn:CdS/ZnS core/shell QDs, allowing
us to monitor the dopant behavior in a wide temperature range compared with the typical SILAR
method. The size of the core/shell QDs increases gradually with the diameters of the core/shell
QDs being 3.8 ± 0.3, 4.6 ± 0.3, 5.1 ± 0.4, and 5.5 ± 0.5 nm at 120, 160, 200, and 260 oC, respectively
(Figure 4.1c, 4.1d and Figure S4.1 and S4.2). The size of the core/shell QDs remains constant for
the proceeding reaction period (260 - 300 °C).
During the ZnS shell growth, a clear shift of the XRD peaks toward zinc blend phase ZnS
was observed in Mn:CdS/ZnS QDs (Figure 4.1e, 4.1f and Figure S4.3). As the temperature
increased, the diffraction peaks experience a systematic shift to higher angles until 200 °C,
followed by a small shift to lower angles with increasing temperature (Figure 4.1f and Figure
S4.3b). The diffraction peaks shifting to lower angles indicates a temperature boundary (Tb) at ~
200 °C, starting the formation of globally alloyed QDs (Cd1-xZnxS) with intermediate lattice
parameters (Table S1), as the result of high temperature annealing.
To further probe the temperature-dependent composition variation within the Mn:CdS/ZnS
core/shell QDs, X-ray absorption fine structure (XAFS) measurements were conducted to study
the microscopic bonding parameters of the QDs. The Zn K-edge X-ray absorption near edge
structure (XANES) consistently decreases in intensity as a function of temperature (Figure 4.1g,
Figure S4.4 and Table S4.2), suggesting substitution of larger Cd atom into the ZnS lattice, which
is consistent with Zn K-edge XANES simulations (Figure S4.5). The fitting of the extended XAFS
(EXAFS) data (Figure S4.4) show an immediate increase in Zn-S bond length during shell
passivation (Figure 4.1i), which is consistent with the incorporation of surface Cd cations from the
CdS core into the ZnS lattice, as expected for the formation of the alloyed surface/interface (T <
Tb), and alloyed QDs (T > Tb) (Figure 4.2a insert). The Cd-S bond length, however, from the Cd
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K-edge EXAFS fitting (Figure S4.6 and Table S4.2) does not initially change and only exhibits a
significant shift of the Cd K-edge XANES onset (Figure 4.1h) above Tb. This is due to the CdS
core being largely undisturbed with only a small fraction of the surface Cd actually alloying with
Zn to form the alloyed interface below Tb. Above Tb, the Cd K-edge XANES shifts to lower energy
(ca. 1 eV) and the Cd-S bond length gradually decreases, which is consistent with a complete alloy
transformation as suggested from the XRD (Figure 4.1f and 4.1h, Table S4.1). We do note that
Mn K-edge XAFS were also attempted, but due to the low Mn doping concentration, appreciable
X-ray absorption edge jumps were on the order of ~0.005, and therefore it was not possible to
observe any useful signal. In addition, we also tried composition mapping by scanning
transmission electron microscopy for the doped core/shell QDs. However, no reasonable quality
mapping data was able to be obtained due to the small size of the doped core/shell QDs and low
doping concentration.
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Figure 4.1 Size and structural characterization of Mn:CdS core and Mn:CdS/ZnS core/shell QDs.
(a) Schematic illustration of the SSSP method for the ZnS shell passivated Mn:CdS/ZnS QDs. (bd), TEM images of Mn:CdS core and selective Mn:CdS/ZnS core/shell (200 and 300 °C) QDs; (e)
Powder XRD patterns of Mn:CdS core and selective Mn:CdS/ZnS core/shell QDs (120, 160, 200,
260, 300 °C); (f) zoomed-in XRD patterns of the (111) diffraction peak; (g) Zn K-edge XANES
and (h) Cd K-edge XANES for Mn:CdS/ZnS QDs as a function of temperature; (i) Cd-S and ZnS bond lengths as obtained from EXAFS fits versus temperature.
4.2.2 Three distinct dopant behaviors in CdS/ZnS QDs
Inductively coupled plasma-optical emission spectrometry (ICP-OES) measurements
indicate 1.4% Mn doping concentration (Table S4.3 calculated as a ratio of Mn/(Cd + Mn)) for
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Mn:CdS QDs (Figure 4.2a). The Mn(II) ions exhibit a Poisson distribution within the QD
ensemble, but on average represents ∼7 Mn(II) ions distributed stochastically between the core
and surface per 3.0 nm Mn:CdS QD. Two sets of electron paramagnetic resonance (EPR) hyperfine
splitting patterns were observed in the Mn:CdS QDs with hyperfine constants (A) equaling 69.1
and 94.0 G (Figure 4.2b and Figure S4.6), which are attributed to Mn(II) located within the core
lattice and on the QD surface, respectively.40, 41 In addition, a broad dipolar background of the EPR
indicates the presence of short-range Mn−Mn interactions in the CdS QDs.35
The Mn(II) concentration decreases to 0.9% after the growth of the ZnS shell at 120 °C
(Stage I: initial surface dopant replacement) and remains unchanged for core/shell QDs grown up
to 260 °C (Figure 4.2a), indicating partial surface dopant removal during the initial shell coating
process, which is consistent with previous reports.17, 42 The Mn(II) concentration decreases to 0.6%
for the core/shell QDs grown at 300 °C (Figure 4.2a), indicating dopant ejection at high
temperatures.
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Figure 4.2 Three different dopant behaviors with different dopant concentrations and doping
environments during ZnS shell passivation at different temperatures. (a) Mn doping concentration
in Mn:CdS core and Mn:CdS/ZnS core/shell QDs throughout the shelling process. The inset on
top of Figure 2a shows the temperature-dependent dopant replacement (Stage I), migration (Stage
II), and ejection (Stage III) during ZnS shell passivation; (b) Room-temperature X-band EPR
spectra of Mn:CdS core and Mn:CdS/ZnS core/shell QDs (a). Two discrete sites for the Mn(II)
occupying a substitutional Cd(II) site within the core (Acore = 69.1 G) and surface (Asurface = 94.0
G) are labeled for the Mn:CdS QDs. Only the Mn core site (Acore = 69.1 G) is observed for
Mn:CdS/ZnS core/shell QDs grown at temperatures above 120 °C. (c) Zoomed-in view of the first
peak of the Mn core EPR signal from (b); (d) the linewidth of the first peak of the core Mn EPR
signal during the ZnS shell passivation.
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During ZnS shell passivation, both the dipolar term and the surface hyperfine in EPR
spectra are largely quenched resulting in the presence of a single core hyperfine term (A = 69.1 G)
at high temperatures (Figure 4.2b and Figure S4.7). A weaker dipolar contribution in EPR for the
QDs grown at 120 °C can still be observed. However, decreased dipolar contribution from 120 to
160 °C (and above) during ZnS shell passivation, indicates larger Mn−Mn distances caused by
dopant ion migration,35 considering the same doping concentration in those QDs.
In addition, the linewidth of the Mn EPR peak during ZnS shell passivation narrowed from
11.7 G for Mn:CdS QDs to 3.6 G for the doped CdZnS alloyed QDs grown at 300 °C (Figure 4.2c
and 4.2d). The narrower EPR peak line-width indicates weaker Mn−Mn interactions and less local
strain on the Mn(II) dopant sites.19, 43 For the Mn incorporation inside CdS QDs, large strain can
occur due to the 13% cationic size mismatch between Cd(II) and Mn(II) ions, as well as additional
strain from the 7% lattice mismatch between the CdS and ZnS in the Mn:CdS/ZnS core/shell QDs.
The strain can introduce an anisotropic distortion of the Mn ligand coordinating environment,
leading to a broad Mn EPR peak linewidth in the Mn:CdS/ZnS core/shell QDs. Considering the
size of Mn(II) ions (80 pm) as an intermediate between that of Cd(II) (92 pm) and Zn(II) (74 pm),19,
42, 44

smaller strain could be obtained from the Mn doped CdZnS alloyed lattice compared with

Mn:CdS QDs. Therefore, the cationic sites of the alloyed lattice can more readily accommodate
Mn ions and Mn migration towards the CdZnS alloyed interface (Stage II) or globally CdZnS
alloyed QDs (Stage III) is thermodynamically favored. The smaller strain on the Mn in CdZnS
lattice lead to the narrower linewidth of the Mn EPR peak (Figure 4.2b-4.2d) and less nonradiative
decay of the Mn(II) excited state (See discussion on optical spectra below). It should be noted that,
an increased Mn(II) dopant concentration within the ZnxCd1−xS alloyed QDs has previously been
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reported compared with that in CdS and ZnS QD lattice, which is due to the reduced cationic size
mismatch between the Mn ion and host lattice.42
Figure 4.3a depicts the evolution of the absorption and photoluminescence (PL) spectra of
the QDs during ZnS shell passivation, which clearly indicates three different stages of dopant
behavior during shell passivation at different temperatures, including: I) initial surface dopant
replacement; II) dopant migration below Tb; and III) dopant ejection above Tb. The first exciton
absorption peak of the Mn:CdS is located at 406 nm with a single emission peak centered at ~580
nm attributed to the 4T1 to 6A1 transition of the Mn(II) ions, implying strong host-dopant coupling
between the CdS host QDs and the dopants. In Stage I, a narrowing of the Mn(II) PL full width at
half maxima (~ 70 nm) was observed as the shelling temperature reached 120 oC. When the sample
reached 140 oC a second PL peak emerges at 424 nm which was identified as the CdS band-edge
PL. Interestingly, a change in the relative intensities between the CdS and the Mn(II) PL was
observed during the subsequent ZnS shell deposition. As the reaction temperature increases, the
PL ratio increases from zero (at 120 ˚C) to a maxima value of 2.0 at Tb (Stage II), followed by a
rapid decrease with a final PL ratio between CdS and Mn(II) reaching 0.13 at 300 °C (Stage III)
(Figure 3b). The complete color change of the QDs from Stage I-III can be seen in the Commission
International de l’Eclariage chromaticity coordinates (Figure 4.3c), as well as in the optical images
of the samples under room and UV light (Figure 4.3d). The wide range of PL ratio of the doped
core/shell QDs permits a fluorescent color scheme with great variability.
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Figure 4.3 Optical properties of Mn:CdS core and Mn:CdS/ZnS core/shell QDs. (a) Normalized
optical absorption (dotted lines) and emission (solid lines) of Mn:CdS QDs and Mn:CdS/ZnS
core/shell QDs, (b) PL intensity ratio of CdS and Mn, (c) the Commission International de
l’Eclariage (CIE) chromaticity coordinates, (d) optical images of the samples under room (top)
and UV (bottom) light, (e) the central of Mn(II) emission peak, (f) the derived Mn(II) PL lifetimes,
and (g) the central of CdS PL peak of the Mn:CdS/ZnS QDs as a function of shelling temperature,
inset shows the Mn(II) PL decay kinetics as a function of shelling temperature.
The energy transfer rate between the exciton and Mn ions can be interpreted quantitatively
using the following equation 4.1:45
𝐼𝑀𝑛
𝐼𝐵𝐺

= 𝑛Ф𝑀𝑛 𝑘

𝑘𝐸𝑇

𝜆𝐵𝐺

𝑈𝐷−𝑅 𝜆𝑀𝑛

(4.1)

Where IMn and IBG are intensities of Mn emission and band-gap PL of the doped QDs, respectively;
n is the number of Mn ions doped inside one QD; λBG is the wavelength of the exciton emission,
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λMn is the wavelength of the Mn emission; ФMn is the emission efficiency of a Mn ion, kUD-R is the
radiative relaxation rate constant of an undoped QDs; kET is the rate constant for the exciton to
transfer its energy to a single Mn ions. Considering the small changes in the host and dopant PL
position, as well as the same doping concentration below 260 °C, the energy transfer rate kET
between host QDs and Mn(II) is proportional to the PL ratio of Mn and host lattice (IMn/IBG).5, 19,
43

Since kET is related to the overlap between the wavefunctions of exciton and Mn dopants, thus

the distance between exciton and Mn ions. Therefore, the ratio of Mn(II) and QD emission reflects
the degree of the energy transfer from QDs to Mn(II), and can be used as an optical “gauge” to
monitor dopant sites inside core/shell QDs. The tunable intensity ratio of the two emission bands
of the doped QDs (Figure 4.3a and 4.3b), therefore, can be understood by the change in the hostdopant energy transfer efficiency (see more details of the minimal effect of defects on the kET in
Discussion).
The increased PL ratio of CdS and Mn from 120 to 200 oC (Stage II, Figure 3b) indicates
weakening of the host-dopant energy transfer (kET), which can be attributed to less wavefunction
overlap between the host QDs and Mn dopants due to the dopant migration to the alloyed interface
(Cd1-xZnxS). The migration occurs because the cationic sites of the alloyed lattice can more readily
accommodate Mn ions considering the size of Mn(II) ions (80 pm) as an intermediate between that
of Cd(II) (92 pm) and Zn(II) (74 pm).19, 42, 44 Therefore, Mn(II) ion migration towards the interface
is thermodynamically favored to minimize the lattice stain caused by the large size difference
(13%) between Cd(II) and Mn(II) and will not further migrate to the ZnS shell if the core/shell
structure can be maintained.
While the dopant migration toward the alloyed interface below Tb leads to increased PL
ratio of CdS to Mn, the PL ratio decreases at temperatures above 200 ˚C, indicating strengthened
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host-dopant coupling, which cannot be simply explained by dopant migration toward the interface
or even the surface of the core/shell QDs. The strengthened host-dopant coupling at high
temperature can be understood, however, by the global alloying of the core/shell QDs at T > T b,
which leads to the formation of alloyed QDs without a distinct boundary between core and shell.
Therefore, the exciton of the host lattice could largely delocalize throughout the alloyed QDs and
lead to stronger host-dopant coupling from the efficient overlap between the dopant and exciton
wavefunctions. Meanwhile, faster Mn dopant diffusion and ejection can occur at temperatures
above Tb, which is evidenced by the decreased dopant concentration and Mn PL quantum yield
(QY) at 300 ˚C. (Figure S4.9)
The temperature-dependent dopant behavior within the core/shell QDs can also be
supported by the analysis of the Mn PL peak position (Figure 4.3e). Ithurria et al. have reported
that the Mn PL can be used as a radial pressure gauge in core/shell QDs and additional pressure
arising from shell passivation can induce a Mn PL red-shift using a spherically symmetric elastic
continuum model.46 The large red-shift in the Mn(II) PL from 575 to 583 nm upon shelling at 120
°C indicates the rapid decomposition and deposition of the ZnS precursor onto the core QDs. With
increasing ZnS shell thickness in Stage II (T < Tb), the Mn(II) emission peak continues to red-shift
until it reaches a maximum wavelength of 591.5 nm at 200 °C, which is consistent with the
increasing pressure from thicker ZnS shells.46 For temperatures above Tb in Stage III, a steady
blue-shift of the Mn PL is observed, suggesting decreased pressure from a thinner effective ZnS
shell applied on the Mn ions and therefore dopant diffusion towards the surface and ejection.
To further confirm that the temperature-dependent dopant migration and ejection behavior,
we studied the Mn PL decay dynamics via time-resolved emission measurements. The Mn PL
lifetime are dopant concentration- and location-dependent, which is proportional to the Mn-Mn
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distance within a host lattice.17, 47 Figure 3f shows a slow increase in the Mn PL lifetime of
Mn:CdS/ZnS core/shell QDs grown during Stage II, which is consistent with increased Mn-Mn
distance within the core/shell QDs, due to the relatively slow dopant migration toward the interface
below Tb.35 However, a rapid increase in Mn PL decay lifetime, from 2.3 to 5.0 ms (Figure 4.3g,
Figure S4.8, and Table S4.4) for the QDs grown in Stage III, indicates more isolated Mn centers
from the reduction of the “concentration quenching” from short-range Mn-Mn interactions,48, 49
which supports fast dopant diffusion and ejection under high thermal energy in the alloyed QDs
above Tb. In addition, the formation of alloyed interface and alloyed QDs can be further evidenced
by the blue-shift of the host lattice PL due to the incorporation of Zn ions into the CdS core in
stages II and III (Figure 4.3f). Stage II presents a slight blue-shift (~7 nm) of the CdS PL with
increasing reaction temperature, while stage III experiences a larger PL blue-shift (~20 nm) with
a larger negative slope, – 0.20 nm/°C, compared with – 0.13 nm/°C in Stage II. The sudden
increase in slope further supports that global alloying is initiated at ~ 200 ˚C for CdS/ZnS core/shell
QDs. The peak position of PL excitation (PLE) spectra (monitor the Mn PL peak maximum
position) follows the same trend as absorption and PL spectra (Figure S4.10), which further
confirms that the Mn PL is from the energy transfer from the excited electrons generated in
CdS/ZnS core/shell QDs (stage II) and alloyed QDs (stage III).
4.3

Discussion
The energy transfer between host QDs and Mn(II) dopants could be interpreted

quantitatively using the PL ratio of the host and dopants without considering nonradiative
relaxation. However, it is worth noting that, for QDs with PL QYs less than 100%, the host-dopant
energy transfer might compete with defect levels and nonradiative relaxation pathways within the
QDs. In doped QDs, the excited electron-hole pair could be mainly deactivated via three possible
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pathways:43 1) radiative recombination at the QDs band edge with the rate constant kBG-R; 2) nonradiative recombination at the QD band edge with the rate constant kBG-NR; and 3) energy transfer
to a Mn ion, with the rate constant n×kET, where n is the number of Mn ions doped inside one QD.
After the energy is transferred to a Mn ion, the excited Mn ion (4T1) relaxes to its ground state
(6A1), either radiatively with the rate constant kMn-R, or non-radiatively with the rate constant kMnNR. Therefore, the efficiency of host-to-dopant

energy transfer (ФET) can be represented as equation

4.2:
ФET =

𝑛𝑘ET
𝑘BG−R +𝑘BG−NR +𝑛𝑘ET

(4.2)

To verify that the change of PL ratio between the host QDs and Mn is dominated by dopant
migration rather than the changes of the surface traps during ZnS coating, we performed a control
experiment where undoped CdS/ZnS core/shell QDs were synthesized using the same shell coating
procedure. It was found that the PL QYs of undoped CdS/ZnS QDs are similar to the total PL QYs
of Mn:CdS/ZnS QDs from host bandgap PL and Mn PL at the same reaction temperatures (Figure
S4.10). Interestingly, the slightly higher total PL QYs of the Mn:CdS/ZnS QDs compared with
that of undoped CdS/ZnS QDs at most of the measured temperatures were observed, which could
be attributed to the fast host−dopant energy transfer that can efficiently compete with nonradiative
relaxation pathways.43, 50 However, the difference of the PL QYs between the corresponding doped
and undoped core/shell QDs at the same reaction temperature is less than 10%. Therefore, it is
reasonable to assume similar nonradiative relaxation rates (kBG-NR) for the corresponding doped
and undoped QDs grown at the same temperature.19, 35, 43 During the ZnS shell passivation, at
different temperatures, the changes in QYs of the core/shell QDs could indicate different defect
contributions and therefore nonradiative relaxation processes. However, it has been reported that
the ratio between Mn PL and bandgap PL of Mn doped CdS/ZnS core/shell QDs didn’t change
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after surface zinc stearate treatment to remove surface-trap states with higher PL QYs, indicating
no significant change of local environment around Mn dopants or energy transfer rate from surface
trap states.43 Based on the above assumption of the same nonradiative relaxation rates (kBG-NR) in
the doped and undoped QDs, the efficiency of host-to-dopant energy transfer (ФET) can be roughly
estimated by flowing equation using steady-state approximation:43
ФET = 1 −

QYBG
QYUD

QY

≈ QYMn
UD

(4.3)

Where the QYBG and QYMn are the band-gap and Mn PL QY of doped QDs, respectively; QYUD
is the band-gap PL QY of the undoped QDs. We estimated the ФET by the ratio between Mn PL
QY of doped QDs and PL QY of undoped NCs (QYMn/QYUD) using equation 4.3. It was found
that ФET for the Mn:CdS/ZnS core/shell QDs decreased from 1.86 to 0.50 when the shelling
temperature increased from 120 °C at 200 °C (Figure 4.4a). This result is consistent with the larger
Mn-Mn distance due to the dopant migration toward the alloyed interface. However, ФET increases
at T > Tb (Figure 4a), which indicates stronger host-dopant coupling after the formation of the
globally alloyed QDs. The smaller final ФET of Mn:CdZnS alloyed QDs at 300 °C (1.02) compared
with that of Mn:CdS/ZnS QDs initially formed at 120 °C (1.86) might be due to the lower Mn
concentration as the result of high temperature dopant ejection as well as the near surface Mn
doping in the alloyed QDs.
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Figure 4.4 Energy transfer efficiency (ΦET) and Mn emission efficiency (ФMn) calculated by Eq.
4.3 and 4.4 for doped QDs as a function of shelling temperature.
Based on the ФET data, we further calculated Mn emission efficiency (ФMn). The ФMn is
determined by the radiative rate constant kMn-R and non-radiative rate constant kMn-NR as indicated
by equation 4.4.
ФMn =

𝑘Mn−R
𝑘Mn−R +𝑘Mn−NR

=

𝑄𝑌Mn
ФET

(4.4)

kMn-R is a function of the dipole matrix element between the 4T1 and 6A1 states of the Mn dopants,17,
43

which is not significantly affected by its local environment. However, kMn-NR depends on the

micro-environment of Mn dopants and its local modes.43 Therefore, kMn-NR could change
substantially with the Mn location in the QDs. Because of the anisotropic distortion of the Mn
ligand coordinating environment from the 13% cationic size mismatch between Cd(II) and Mn(II)
ions, the strain from the Mn incorporation inside CdS QDs would be larger compared with that of
doped CdZnS alloyed lattice.19, 42 In addition, the 7% lattice mismatch between the CdS and ZnS
also introduce additional strain in the Mn:CdS/ZnS core/shell QDs. The strain can lead to a larger
kMn-NR and consequently a lower kMn-R of Mn:CdS/ZnS QDs.43 In contrast, less nonradiative decay
of the Mn(II) excited state in Mn doped CdZnS alloyed QDs is expected because of the less local
strain on Mn dopant sites inside the alloyed lattice, which can provide dopant sites with smaller
cationic size mismatch compared to that of CdS QDs. Based on Eq 4.4, smaller kMn-NR will lead to
higher ФMn. Indeed, the ФMn of the doped core/shell QDs increased dramatically during the shell
growth, which is consistent with the results from the narrowing EPR peak with decreased local
strain of Mn dopants during ZnS shell passivation (Figure 4.2b-4.2d) and can support the model
of Mn(II) migration to the alloyed interface of CdS/ZnS core/ shell QDs in stage II and further
ejection through the globally alloyed QDs in stage III.
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It should also be noted that the defect concentration and crystallinity of the core/shell QDs
might also be temperature-dependent. To further confirm that dopant behavior mainly depends on
the temperature and local lattice composition, instead of crystallinity, we studied the thermal
annealing effect on dopant behavior of the doped core/shell QDs grown below, at, and above Tb
up to 4 hours (Figure 5a-c and Figure S4.11-4.12). Below the Tb (120 and 160 ˚C), dopant
migration was observed as evidenced by the continuous increase in the CdS to Mn PL ratio (Figure
4.5a and 4.5d). A continuous Mn PL red-shift occurs as the shell annealed over the 4 hrs, indicating
the Mn ions are getting buried deeper within the growing core/shell QDs without dopant ejection.
The core/shell QDs annealed at the Tb (200 °C) exhibit a nearly constant CdS to Mn PL ratio and
Mn PL central peak position throughout the 4 hr annealing (Figure 4.5b and 4.5e), which indicates
the same host-dopant coupling during the annealing process without further outward dopant
migration. Once the core/shell QDs were annealed above the Tb (220, 240, and 300 ˚C, Figure
4.5c, 4.5f and Figure S4.11-4.12) a slight blue-shift in Mn peak position was observed, which is
consistent with dopant ejection leading to less overall pressure being applied to Mn ions at T > Tb.
In addition, a decreased PL ratio with more prominent Mn PL confirms the continued
delocalization of the host exciton throughout the QDs, activating the Mn PL relaxation pathway,
due to the global alloying.
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Figure 4.5 PL, Mn PL peak position, and PL intensity ratio of CdS and Mn of Mn:CdS/ZnS
core/shell QDs annealed at 120 °C (e and h), 200 °C (f and i), and 300 °C (g and j) from 0 to 4 hrs.
The culmination of our data suggests that dopant migration in the presence of alloyed
interface in core/shell QDs has a lower activation energy than dopant ejection and can occur at
relatively low temperatures (T < Tb) compared to dopant ejection due to self-purification (T > Tb)
(Scheme 4.1a). At T < Tb, the doped Mn ions can migrate toward a thin alloyed interface of the
core/shell QDs, most likely mediated by cation vacancies,19,
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considering that half of the

tetrahedral sites and all octahedral sites are empty in the cubic close packed S anions. The dopant
migration leads to partial decoupling of CdS-Mn(II) host-dopant interaction with less energy
transfer efficiency, therefore a new CdS PL can be observed in addition to Mn PL (Scheme 4.1c)
compared with the sole Mn PL in Mn:CdS QDs (Scheme 1b). With sufficient thermal energy at T
> Tb, global alloying of QDs can occur accompanied by dopant ejection (Figure 4.2a). The global
alloying of the QDs results in a largely delocalized host exciton wavefunction and therefore strong
host-dopant coupling with efficient energy transfer from host QDs to Mn dopants regardless of
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dopant location inside the QDs (Scheme 1d), leading to a more prominent Mn emission (Figure
3a).

Scheme 4.1 Temperature- and composition-dependent dopant migration and ejection inside
Mn:CdS/ZnS QDs. (a) Schematic of temperature-dependent dopant migration, diffusion, and
ejection within the CdS/ZnS cubic lattice. Tetrahedron in green, light blue, dark blue and red
represent CdS, CdZnS, ZnS and MnS units, respectively. Illustrations of (b) core Mn:CdS QDs,
(c) Mn:CdS/ZnS core/shell (below Tb) QDs, and (d) Mn:CdS/ZnS core/shell (above Tb) QDs
energy levels and energy transfer diagrams (not to scale).
To further confirm the role of cationic size mismatch between dopants and microcomposition of host QDs, such as alloyed interface, we studied the dopant behavior in the Mn
doped simple CdS QDs without adding the shell precursor during thermal annealing. It was found
that there is no change in Mn doping environments at 140 °C, evidenced by the same optical,
EPR data and doping concentration (Figure S4.13a and S4.15a). While only the loss of surface Mn
can be observed when Mn:CdS QDs were annealed at 200 °C, evidenced by the narrowing of the
Mn PL (Figure S4.13b and S4.14) and loss of the surface Mn EPR signal (Figure S4.15b), without
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further dopant migration and ejection, confirming the low activation energy of dopant migration
in the presence of alloyed interface in the CdS/ZnS core/shell QDs. Furthermore, dopant ejection
of Mn:CdS QDs without ZnS shell passivation can be observed at higher temperatures of 260 °C
and above (Figure S4.13c-4.13d and 4.15c-4.15d), which is consistent with the higher thermal
energy required for dopant ejection in core/shell QDs.
4.4

Conclusion
In summary, we have developed a general platform to study dopant behavior in

Mn:CdS/ZnS core/shell QDs in a wide temperature range (120 – 300 °C). Three distinct stages of
dopant behavior were identified during surface passivation including, I) initial surface dopant
replacement; II) dopant migration (T < Tb); and III) dopant ejection (T > Tb). In addition to the
three elementary processes of doping in solution-phase synthesis (i.e. surface adsorption, dopant
diffusion and incorporation, and dopant ejection), the dopant migration in the presence of lattice
mismatch in core/shell QDs was identified as a new elementary process for incorporated dopants
inside host core/shell QDs requiring a lower activation energy compared to dopant ejection. The
temperature-dependent dopant behavior provides an efficient method to fine control the dopant
arrangement, and therefore the host-dopant interaction (decouple and couple) to continuously tune
the properties of doped core/shell QDs.
4.5

Methods

4.5.1 Chemicals
Cd(NO3)2·4H2O (≥99.0%, Sigma Aldrich), sulfur (99.998%, Sigma Aldrich),
Mn(NO3)2·H2O (99.99%, Sigma Aldrich), oleylamine (OAm, 70% technical grade, Sigma
Aldrich), 1-dodecanethiol (DDT, ≥98%, Sigma Aldrich), 1-octadecene (ODE, 90%, technical
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grade, Sigma Aldrich), zinc diethyldithiocarbamate (Zn(DDTC)2, 97%, Sigma Aldrich), ethanol
(≥99.5%, VWR), and toluene (≥99.5%, EMD Chemicals) were used as received.
4.5.2 Synthesis of Mn:CdS QDs
Mn(II) doped CdS QDs were synthesized through a colloidal hot-injection technique as
previously described.19 Briefly, 41.2 mg (0.130 mmol) of Cd(NO3)2·4H2O, 5.82 mg (0.033 mmol)
of Mn(NO3)2·H2O, 0.167 mL of DDT, and 10 mL of OAm were mixed in a three-neck flask. The
mixture was degassed for 40 min at room temperature and another 10 min at 100 °C. The mixture
was refilled with argon and kept at 110 °C for 30 min. Then, 0.667 mL of a 0.2 M solution of
sulfur in OAm was swiftly injected into the flask at 160 °C. After the injection, the temperature
was set at 120 °C and degassed for 10 min. The temperature was then raised to 240 °C for 5-10
min. The product was purified by adding toluene/ethanol.
4.5.3 ZnS Shell Growth for Mn:CdS/ZnS Core/Shell QDs
Mn:CdS/ZnS core/shell QDs were prepared using a single source shelling precursor
(SSSP) method.39 In a typical SSSP procedure, the premade Mn:CdS nanocrystals (3.0 nm
diameter, 1 × 10-5 mmol of particles, cleaned 3 times) in hexane were mixed with 490 mg of
Zn(DDTC)2 (a Zn and S containing precursor), 6.0 mL ODE, and 2.0 mL OAm in a 25 mL threeneck flask. The flask was then vacuumed at 70 °C for 1 h to remove excess air and hexane. The
system was then flushed with Ar three times, and the reaction was brought to 300 ˚C at a ramping
rate of 15 °C/min with sample being withdrawn every 20 ˚C.
4.5.4 Thermal annealing of Mn:CdS QDs and Mn:CdS/ZnS core/shell QDs
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Thermal annealing of Mn:CdS QDs was conducted in the same solvents (OAm and ODE)
and the same temperature profile as in the ZnS shell coating procedure but without adding
Zn(DDTC)2. For thermal annealing of doped core/shell QDs at different temperatures, the QDs
was cleaned twice to remove unreacted precursors, and redispersed in hexane and added to a
solution of ODE and OAm, and the reaction was brought to the respective annealing temperature
up to 4 hrs.
4.5.5 Sample Characterizations
Sample size, morphology, and dispersity were analyzed by transmission electron
microscopy (TEM) using a FEI T12 Twin TEM operated at 120 kV with an LaB6 filament and
Gatan Orius dual-scan CCD camera. Powder X-ray diffraction (XRD) patterns were taken on a
Bruker D2 Phaser with a LYKXEYE 1-dimensional silicon strip detector using Cu Kα radiation
(λ =1.5406 Å).
Inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis was
performed on a PerkinElmer Optima 3300DV. Room temperature electron paramagnetic
resonance (EPR) spectra were recorded at a microwave frequency of 9.4 GHz on a Bruker
ELEXSYS- II E500 spectrometer. Absorption spectra were collected using an Agilent Cary 60
spectrophotometer. The PL measurements were conducted with a Horiba FluoroMax Plus
spectrofluorometer. Time-resolved emission measurements were conducted using the time
correlate single photon counting (TCSPC) on an Edinburgh FLS-980 spectrometer equipped with
an μF2 60 W xenon flashlamp.
4.5.6 X-ray absorption fine structure (XAFS) analysis
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XAFS experiments were performed at Sector 10 on the insertion device line. Pellet samples
(pure materials/BN) were mounted 45° to the x-ray beam and measurements were performed in
fluorescence using a Lytle detector. Calibrations were done on Cd(NO3)2 powder or a Zn foil for
the Cd and Zn edges, respectively.
XAFS data processing and analysis was done using the IFEFFIT suite of programs. A
Hanning window was applied to a selected k-range (2-11 Å-1) to obtain the Fourier transformed
extended XAFS (EXAFS) data. Using either the bulk ZnS or CdS lattice as our fitting model,
FEFF6 was used to calculate the photoelectron scattering path amplitudes, Fi(k), and phase, (k),
and the samples were fit to the EXAFS equation,
𝑁 𝑆2

𝑖 𝑜
−2𝑘
𝜒(𝑘) = 2𝑘𝑅
2 𝐹𝑖 (𝑘)𝑒
𝑖

2 𝜎2
𝑖

sin[2𝑘𝑅𝑖 + 𝜙𝑖 (𝑘)]

(4.5)

which allowed for the extraction of pertinent information including the bond lengths (Ri) and the
EXAFS Debye-Waller factors (static disorders, i2).
FEFF9 was used for the theoretical simulations of the Zn K-edge XANES spectra.52 The
calculations used the full multiple scattering approach considering cluster radii ranging from 2.5
to 5 Å, which corresponds to nearest neighbor up to next-next nearest neighbor scattering
contributions. We first considered calculations of pure ZnS, where we investigate the effects that
the nearest coordination shells have on the XANES spectra. In two calculations, Cd atoms were
inserted for the Zn atoms into the next nearest neighbor and/or next-next nearest neighbor
coordination shells to observe the effects of Cd incorporation on the ZnS Zn K-edge spectrum. For
self-consistency, a 5 Å cluster was used and the effects of core hole was considered using the final
state rule.
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4.6

Supporting Information

4.6.1 Figures and Tables

Figure S4.1 TEM and size distribution charts of Mn:CdS Core (a and f, 3.0 ± 0.3 nm) and
Mn:CdS/ZnS core/shell QDs at 120 °C (b and g, 3.8 ± 0.3), 140 °C (c and h, 4.2 ± 0.3 nm), 160
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°C (d and I, 4.6 ± 0.3 nm), 180 °C (e and j, 4.9 ± 0.4 nm), 200 °C (k and p, 5.1 ± 0.4 nm), 220 °C
(l and q, 5.3 ± 0.5 nm), 240 °C (m and r, 5.4 ± 0.5 nm), 260 °C (n and s, 5.5 ± 0.5 nm), and 300
°C (o and t, 5.5 ± 0.5 nm). The scale bar represents 20 nm.

Figure S4.2 The average size of the QDs based on TEM data.
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Figure S4.3 (a) Powder XRD, (b) the (111) peak position, and (c) calculated d(111) of Mn:CdS QDs
and Mn:CdS/ZnS core/shell QDs during shell passivation from 120 °C to 300 °C.
Calculation of the parameters and bond lengths using XRD data.
Using the peak position of the (111) diffraction peak of the core and core/shell QDs the d (111)spacing and the average metal-S (M-S) bond length were calculated. First, Braggs law was
employed to find the average d-spacing throughout the shelling process (Fig. S4.2c), as seen in
equation 4.6:
𝑛𝜆 = 2𝑑111 𝑠𝑖𝑛𝜃111

(4.6)
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where n is a positive integer (1 in this case), λ is the wavelength of the incident X-ray, and 𝜃 is
the diffraction angle of the (111) peak.
Next the length of the cubic unit cell (a) was calculated using equation 4.7.
1
2
𝑑111

=

ℎ2 +𝑘 2 +𝑙2

(4.7)

𝑎2

After finding a, the length (lTd) and the height (hTd) of the M-S4 (or S-M4) tetrahedron (Td) can be
derived using equations 4.8 and 4.9, considering tetrahedral bonding environment of cubic phase
CdS lattice.
𝑙 𝑇𝑑 =

√2
∗
2

𝑎

(4.8)

2

ℎ 𝑇 𝑑 = √3 ∗ 𝑙 𝑇 𝑑

(4.9)

The average metal (Cd, Zn, or Mn) to sulfur bond length (M–S) within the core/shell QDs can then
be derived using equation 4.10.
3

𝑀 − 𝑆 = 4 ℎ 𝑇𝑑

(4.10)

Table S4.1 Derived lattice parameters and bond lengths of Mn:CdS and Mn:CdS/ZnS core/shell
QDs
Sample

d-spacing (Å)

a (Å)

l Td (Å)

hTd (Å)

M - SBond (Å)

Core

3.336951

5.779769

4.086915

3.336951

2.502713

120 °C

3.18325

5.513551

3.898671

3.18325

2.387437

140 °C

3.155981

5.46632

3.865273

3.155981

2.366986

160 °C

3.148395

5.45318

3.855982

3.148395

2.361296

180 °C

3.144046

5.445647

3.850655

3.144046

2.358034

200 °C

3.137978

5.435137

3.843224

3.137978

2.353483

220 °C

3.141388

5.441044

3.8474

3.141388

2.356041

150

240 °C

3.144751

5.44687

3.85152

3.144751

2.358564

260 °C

3.145186

5.447623

3.852052

3.145186

2.358889

300 °C

3.148721

5.453746

3.856382

3.148721

2.361541

Analyzing the metal-sulfur (M-S) bond length, an initial length of 2.503 Å is observed for the
Mn:CdS core QDs (CdS lattice parameter a: 5.82 Å) followed by a continuous drop upon shelling
until the reaction reached 200 C. The decreased average bond length was caused by the addition
of ZnS (ZnS lattice parameter a: 5.41 Å) atop the Mn:CdS core. Once the Tc had been crossed (T
> 200 °C) a slight increase in average bond length occurs due to the global alloying during this
stage of the shelling process resulting in a final length of 2.362 Å. Although a slight increase in
bond length is observed, the final bond length is much closer to the standard Zn-S bond length
rather than an intermediate X-S bond length from globally alloyed Mn:Cd1-xZnxS QDs, which
might indicate ZnS-rich surface of the Mn:Cd1-xZnxS QDs.

Figure S4.4 Zn K-edge (a) k2-weighted EXAFS of samples at (i) 120 °C, (ii) 200 °C, (iii) 260 °C,
and (iv) 300 °C and Fourier transformed EXAFS (both the magnitude and real part) for
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Mn:CdS/ZnS QD samples annealed at (b) 120 °C and (c) 300 °C. In (b) and (c), the markers are
the data and the red lines are the fit to the data.

Figure S4.5 FEFF simulations of the Zn K-edge XANES for ZnS (a) considering contributions
from the various coordination shells and (b) considering contributions from the second
coordination shell (next nearest neighbor (NNN)) with either zinc or cadmium in the shell.
The FEFF simulations provide two pieces of information. In Figure S4.5a, we observe that more
than one coordination shell is required to adequately represent the XANES spectrum, informing
the multiple scattering processes that contribute to the XANES are well beyond the 1st shell. In
Figure S4.5b, we observe that substitution of Cd atom for a Zn atom in the 2nd coordination shell
leads to a reduction in the XANES features, which is qualitatively similar to our experimental data
shown in Fig. 4.1.
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Figure S4.6 Cd K-edge (a) k2-weighted EXAFS of samples at (i) 120 °C, (ii) 200 °C, (iii) 260 °C,
and (iv) 300 °C and Fourier transformed EXAFS (both the magnitude and real part) for
Mn:CdS/ZnS QDs annealed at (b) 120 °C and (c) 300 °C. In (b) and (c), the markers are the data
and the red lines are the fit to the data.
Table S4.2 Summary of Cd and Zn K-edge EXAFS fits as a function of temperature, including
bond lengths (d), mean-squared relative displacements ( 2), and energy shifts (E0).
PARAMETER

120 ˚C

140 ˚C

160 ˚C

180 ˚C

200 ˚C

220 ˚C

260 ˚C

300 ˚C

d (CdS) [Å]
d (ZnS) [Å]

2.503(10)
2.340(9)
0.006(1)

2.504(9)
2.344(9)
0.005(1)

2.503(5)
2.346(6)
0.004(1)

2.497(9)
2.349(9)
0.005(1)

2.508(10)
2.346(10)
0.003(1)

2.501(8)
2.345(9)
0.005(1)

2.490(8)
2.350(8)
0.004(1)

2.488(8)
2.348(10)
0.005(1)

0.006(2)

0.005(2)

0.004(1)

0.005(2)

0.004(2)

0.003(2)

0.004(2)

0.005(1)

5.2(1.1)

4.3(9)

6.0(2)

5.6(1.0)

5.8(1.1)

5.0(9)

5.4(9)

5.2(9)

5.8(1.0)

6.3(9)

6.5(7)

6.9(9)

6.6(1.3)

6.4(1.1)

7.0(8)

3.6(9)

2

2

 (CdS) [Å ]
2
2
 (ZnS) [Å ]

Eo (CdS) [eV]
Eo (ZnS) [eV]

Table S4.3 ICP-OES data for Mn:CdS core QDs and selective Mn:CdS/ZnS core/shell (C/S)
throughout the shelling process
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Sample
Core
C/S @ 120 °C
C/S @ 160 °C
C/S @ 200 °C
C/S @ 260 °C
C/S @ 300 °C

[Mn] (%) = Mn/(Cd+Mn)
1.401
0.903
0.885
0.893
0.852
0.605

Figure S4.7 Room temperature X-band EPR spectra of Mn:CdS QDs and Mn:CdS/ZnS core/shell
QDs during shell passivation from 120 °C to 300 °C.
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Figure S4.8 Mn(II) PL decay kinetics of the Mn:CdS and Mn:CdS/ZnS QDs as a function of
shelling temperature. For all curves, the y-axis was in logarithm, and the peak counts were fixed
as 5000. All curves were fitted using triple-exponential kinetics.

Table S4. The fitted lifetime of Mn emission of Mn:CdS and Mn:CdS/ZnS core/shell QDs.
Sample

τ1

B1

τ2

B2

τ3

B3

< τ>

Core

2.00E-04

9.08E+02

1.02E-03

1.25E+03

2.95E-03

5.40E+02

8.43E-04

120 °C
140 °C
160 °C
180 °C
200 °C
220 °C
240 °C
260 °C
300 °C

1.95E-04
1.72E-04
2.49E-04
1.87E-04
2.57E-04
2.00E-04
2.00E-04
2.00E-04
4.95E-04

5.33E+02
5.66E+02
1.09E+03
1.17E+03
1.74E+03
4.38E+03
3.89E+03
3.56E+03
1.12E+03

8.36E-04
8.60E-04
1.02E-03
9.33E-04
1.31E-03
1.37E-03
1.56E-03
1.87E-03
2.94E-03

7.38E+02
7.83E+02
9.43E+02
1.19E+03
1.42E+03
3.11E+03
3.20E+03
3.26E+03
2.20E+03

2.63E-03
2.72E-03
2.95E-03
3.00E-03
3.64E-03
4.21E-03
4.59E-03
5.13E-03
6.07E-03

4.08E+02
3.76E+02
3.91E+02
5.03E+02
5.44E+02
1.55E+03
1.93E+03
2.14E+03
2.75E+03

1.87E-03
1.88E-03
1.87E-03
1.98E-03
2.28E-03
2.87E-03
3.32E-03
3.82E-03
5.08E-03
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Figure S4.9 (a) Normalized optical absorption (dotted lines) and emission (solid lines) of CdS
QDs and CdS/ZnS core/shell QDs, (b) the CdS PL peak location as a function of temperature, and
(c) Total PL QYs of the Mn doped CdS/ZnS core/shell QDs (with both CdS and Mn PL) and
undoped CdS/ZnS core/shell QDs (with only CdS PL).
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Figure S4.10 (a) PL excitation (PLE) spectra (solid lines, monitor the Mn PL peak maximum
position) and absorption spectra (dotted lines) of Mn:CdS and Mn:CdS/ZnS core/shell QDs; (b)
Peak position of the PLE spectra and the absorption spectra of the Mn:CdS/ZnS core/shell QDs
during the ZnS shell passivation.
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Figure S4.11 Thermal annealing of Mn:CdS/ZnS core/shell QDs at (a) 120°C, (b) 160°C, (c)
200°C, (d) 220°C, (e) 260°C, and (f) 300 °C.
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Figure S4.12 (a) Mn PL peak position (b) CdS PL peak position and (c) PL intensity ratio of CdS
to Mn of Mn:CdS/ZnS core/shell QDs annealed at 120 °C, 160 °C, 200 °C, 220 °C, 240 °C, and
300 °C as a function of annealing time.
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Figure S4.13 Thermal annealing of Mn:CdS QDs at (a) 140 °C, (b) 200 °C, (c) 260 °C, and (d)
300 °C for up to four hours.

Figure S4.14 Analysis of the optical data of the thermally annealed Mn:CdS QDs. (a) The
redshift of Mn(II) PL and (b) full width at half maxima (FWHM) of Mn(II) emission of the
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annealed core QDs as a function of annealing time (black circles for annealed at 140 °C, blue
triangles for annealed at 200 °C, orange diamonds for annealed at 260 °C and red squares for
annealed at 300 °C).

Figure S4.15 Room temperature X-band EPR spectra of Mn:CdS core annealed at (a) 140 °C,
(b) 200 °C, (c) 260 °C, and (d) 300 °C for up to four hours.
The QDs annealed at 140 °C (T < Tc) display little to no changes in the optical data (Figure S4.13a
and S4.14), EPR spectra (Figure S4.15a), and no change in doping concentration, indicating no
changes in the QD structure and no Mn ion migration or ejection.
The core QDs annealed at 200 °C (at critical temperature) showed a narrowing of the Mn PL peak
width (Figure S4.13b and Figure S4.14) indicating the removal of surface defects or improved
crystallinity. The heating of Mn:CdS QDs at 200 °C can remove surface-bound Mn(II) ions, which
was confirmed by the loss of surface Mn EPR signal leaving only core Mn EPR signal in the EPR
spectra after annealing at 200 °C for 4 hours (Figure S4.15b). The doping concertation decrease
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from 1.4% to 0.8% and remains at ~0.7 % in the following annealing process. A small Mn PL redshift (< 10 nm) can be observed during the annealing, which can be understood by the pressure
generated from pure CdS surface of the annealed Mn:CdS QDs (core doping only) or the formation
of a more symmetric local environment by lattice relaxation with less distortion for Mn after
thermal annealing. The narrower Mn emission peak and subtle red-shift can be explained by the
narrow Mn site distribution (from core and surface sites to core only sites after thermal annealing).
Taken together, it seems that there is a loss of surface Mn but no significant Mn migration from
the core to the surface of the doped QDs during the thermal annealing at up to 200 °C, without the
presence of the alloyed interface. The loss of surface Mn of the thermally annealed Mn:CdS QDs
is consistent with the partial surface dopant removal during the initial shell coating process, 17, 19
in which both thermal annealing and surface replacement with Zn ions might play a role (Figure4.
2).
For the QDs annealed at 260 °C and 300 °C, an immediate narrowing of the Mn PL indicates the
removal of surface defects and increased PL QY indicate thermal annealing can either remove
defects or achieve higher crystallinity of the QDs. The doping concentration decreased to 0.3%
and 0.2% for QDs annealed at 260 °C and 300 °C for 4 hours, respectively, indicating dopant
ejection at these temperatures. More importantly, an additional CdS host PL around 420 nm was
observed during the annealing process, indicating the formation of partially undoped core due to
dopant ejection.
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Chapter 5
Inserting an Atomic Trap for Dopants into Core/Shell Quantum
Dots
Doping by introducing transition metal ions into host lattice is an efficient strategy to introduce
new properties of quantum dots (QDs). The final properties of doped QDs highly depend on the
dopant sites and distribution because of the distance-dependent host-dopant coupling. In this work,
we aim to control the dopant migration rate and distance through the introduction of different
thicknesses of CdZnS alloyed shell, as an atomic trap for Mn dopants due to the small cationic size
mismatch between Mn and alloyedshell, in Mn:CdS/CdZnS/ZnS core/multi-shell QDs. The radial
position of the Mn inside the CdS/CdZnS/ZnS QDs was monitored by the Mn photoluminescence
(PL) peak because Mn PL is very sensitive to the shell applied pressure based on the spherically
symmetric elastic continuum model. While dopant migration can occur in Mn:CdS/ZnS core/shell
QDs due to the formation of a thin alloyed interface (CdZnS), the originally incorporated Mn
dopants inside CdS QDs were able to migrate further away from the CdS core upon intentionally
growth of CdZnS alloyed shells, resulting in a smaller redshift in Mn PL. Furthermore, the
delocalization of core excitons into the CdZnS shell provides further opportunity to finely control
the CdS PL position and the CdS to Mn PL ratio.
5.1

Introduction:
Semiconductor quantum dots (QDs) have grown in interest due to their versatile size and

shape dependent optical properties.1 Selectively substituting small percentages of host cations with
transition metal ion dopants has been shown to introduce new optical, electronic, and magnetic
properties to the host QDs.2-4 Doping has been achieved through various different methods,

166

whether that be nucleation doping, growth doping, pre-doped single-source precursor, and
diffusion doping.
The host-dopant energy transfer by the overlap of exciton wavefunctions of the host lattice
and the dopant can lead to new optical properties of doped QDs, which have been found to be
heavily dependent on dopant sites and distribution inside the host lattice.5

6, 7

Our group has

previously discovered that a Mn(II) ion-migration could occur in Mn:CdS/ZnS core/shell QDs due
to the formation of an alloyed Cd1-xZnxS interface during the shell growth.8 The Mn dopantmigration within CdS/ZnS core/shell QDs is induced by the smaller cationic size mismatch
between Mn and alloyed interface (CdZnS) compared with that of the CdS core and ZnS shell. We
found the weakened H-D coupling evidenced by the increased host lattice emission during the
Mn(II) ions migration toward the alloyed interface (i.e. further away from the host core QDs.
Although the dopant ion migration was found to be thermodynamically driven in CdS/ZnS
core/shell QDs, whether the dopant migration can be further controlled by intentionally inserted
shell(s) with less size mismatch with dopant is still unknown.
In this work, the effect of thicknesses of introduced CdZnS alloyed shell in
CdS/CdZnS/ZnS core/shell/shell QDs on the Mn dopant migration rate and distance was studied.
Our hypothesis is that the inserted CdZnS alloyed shell with small cationic size mismatch with Mn
can provide a better dopant site for Mn dopants, which can serve a dopant trap to initiate fast
dopant migration under moderate temperatures. The radial position of the Mn inside the
CdS/CdZnS/ZnS QDs was monitored by the Mn photoluminescence (PL) peak because Mn PL is
very sensitive to the shell applied pressure (proportional to shell thickness) based on the spherically
symmetric elastic continuum model. It was found that upon growth of thicker CdZnS alloyed
interface, the dopants were able to migrate further away from the CdS core resulting in a smaller
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redshift in Mn PL. Furthermore, the delocalization of core excitons into the CdZnS shell provides
further opportunity to finely control the CdS PL position and the CdS to Mn PL ratio. It is
fundamentally important to understand the distance and pace at which the dopant ions can migrate
within core/shell QDs, which play a critical role in determining the final properties of the doped
QDs.
5.2

Methods

5.2.1 Chemicals
Cd(NO3)2·4H2O

(≥99.0%,

Sigma-Aldrich),

sulfur

(99.998%,

Sigma-Aldrich),

Mn(NO3)2·H2O (99.99%, Sigma-Aldrich), oleylamine (OAm, 70% technical grade, SigmaAldrich), 1-dodecanethiol (DDT, ≥98%, Sigma-Aldrich), oleic acid (90%, technical grade, SigmaAldrich), hexadecylamine (HDA, 90%, technical grade, Sigma-Aldrich), 1-octadecene (ODE,
90%, technical grade, SigmaAldrich), ethanol (≥99.5%, VWR), and toluene (≥99.5%, EMD
Chemicals) were used as supplied.
5.2.2 Synthesis of Mn:CdS QDs
Mn(II) doped CdS QDs were synthesized through a colloidal hot-injection technique as
previously described.8 Briefly, 41.2 mg (0.130 mmol) of Cd(NO3)2·4H2O, 5.82 mg (0.033 mmol)
of Mn(NO3)2·H2O, 0.167 mL of DDT, and 10 mL of OAm were mixed in a three-neck flask. The
mixture was degassed for 40 min at room temperature and another 10 min at 100 °C. The mixture
was refilled with argon and kept at 110 °C for 30 min. Then, 0.667 mL of a 0.2 M solution of
sulfur in OAm was swiftly injected into the flask when the mixture was heated to 160 °C. After
the injection, the temperature was set at 120 °C and degassed for 10 min. The temperature was
then raised to 240 °C for nanocrystal growth for 5-10 min. The reaction was quenched by removing
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the heating mantle and submerging the flask in a water bath. After the reaction had been cooled
below 100 °C, the product was dissolved in toluene and then crashed out by adding ethanol. The
QDs were separated from solutions by centrifugation with a speed set to 5000 rpm at 15 °C for 5
min.
5.2.3 Synthesis of Mn:CdS/CdZnS(x)/ZnS(5-x) core/multi-shell QDs
Mn:CdS/CdZnS(x)/ZnS(5-x) core/multi-shell QDs were prepared using a modified
successive ion layer adsorption and reaction (SILAR) procedure.ref The Zn injection solution
(0.10 M) was prepared by dissolving 0.163 g (2 mmol) of ZnO in 1.80 g of oleic acid and 18.0 mL
of ODE at 310 °C until a clear solution was obtained. The Cd/Zn (1:1 molar ratio) injection solution
was prepared by dissolving 0.0203 g (0.25 mmol) of ZnO and 0.0320 g (0.25 mmol) of CdO in
1.25 g of oleic acid and 3.6 mL of ODE at 310 °C. The S injection solution (0.10 M) was prepared
by sonicating 32 mg (1 mmol) of sulfur in 10 mL of ODE for 2 h. All injection solutions for shell
coating were prepared in an Ar atmosphere. The calculations for the Zn and S injections were
based on the cubic crystal structure of the CdS QDs. For each injection, a calculated amount of
each injection solution was withdrawn with a syringe using an air-free procedure.
In a typical SILAR procedure, the premade Mn:CdS nanocrystals (3.0 nm diameter, 1 ×
10−5 mmol of particles) were cleaned 3 times. The cleaned Mn:CdS QDs were redissolved in
hexane and mixed with 0.5 g of HDA and 7.6 mL of ODE in a 25 mL three-neck flask. The flask
was then vacuumed at 60 °C for 30 min to remove excess hexane and at 100 °C for another 10 min
to remove excess air and moisture. The system was then flushed with Ar three times, and the
reaction mixture was heated to 180 °C for the growth of CdZnS or ZnS shells.
The first injection was the dropwise addition of S solution followed by Zn solution or
Zn/Cd solution (second injection) for the first ZnS or CdZnS monolayer (ML), respectively. The
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Cd/Zn injection solution was used for the first ML for Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) QDs and the
first two MLs for the Mn:CdS/CdZnS(2 ML)/ZnS(3 ML) QDs. Each injection was given 10−15 min to
react before the subsequent injection. The temperature of the system was raised 10 °C after each
monolayer had been fully injected to provide a sufficient amount of energy for complete surface
passivation. Similar purification procedure was used for the core/multi-shell QDs as used for
Mn:CdS QDs.
5.2.4 Characterizations
Sample size, morphology, and dispersity were analyzed by transmission electron
microscopy (TEM) using a FEI T12 Twin TEM operated at 120 kV with an LaB6 filament and
Gatan Orius dual-scan CCD camera. Powder X-ray diffraction (XRD) patterns were taken on a
Bruker D2 Phaser with a LYKXEYE 1-dimensional silicon strip detector using Cu Kα radiation
(λ =1.5406 Å). Inductively coupled plasma-optical emission spectrometry (ICP-OES) for
elemental composition analysis was performed on a PerkinElmer Optima 3300DV. For a standard
ICP-OES measurement, the powdered samples were completely dissolved in 90% HNO3, heated
to remove excess NOx, and then diluted in ∼5 mL of ultrapure water. Room temperature electron
paramagnetic resonance (EPR) spectra were recorded at a microwave frequency of 9.4 GHz on a
Bruker ELEXSYS- II E500 spectrometer.
Absorption spectra were collected in a 1 cm cell in toluene using an Agilent Cary 60
spectrophotometer. The photoluminescence (PL) measurements were conducted with a Horiba
FluoroMax Plus spectrofluorometer. Time-resolved emission measurements were conducted using
the time correlate single photon counting (TCSPC) on an Edinburgh FLS-980 spectrometer with a
photomultiplier tube (PMT, R928 Hamamatsu) detector. For QD bandgap PL lifetime
measurements, the pulsed excitation light (365 nm) was used by an Edinburgh EPL-405 pulsed
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laser diode operating at a repetition rate of 0.2 MHz. For Mn emission lifetime measurements, the
pulsed excitation light (365 nm) was generated by an μF2 60 W xenon flashlamp operating at a
repetition rate of 20 Hz.
X-ray absorption fine structure (XAFS) experiments were performed at Sector 10 on the
insertion device line operated by the Materials Research Collaborative Access Team (MRCAT).
Measurements were performed in fluorescence using a Lytle detector. Pellet samples consisting
the pure materials and BN were prepared and mounted 45° to the x-ray beam. Calibrations were
done on Cd(NO3)2 powder or a Zn foil for the Cd and Zn edges, respectively. It should be noted
that Mn K-edge XAFS were attempted, but due to the low Mn doping percentages, appreciable Xray absorption edge jumps would be on the order of ~0.01, and therefore it was not possible to
observe any useful signal.
XAFS data processing and analysis was done using the IFEFFIT suite of programs. Initial
estimates of the threshold energy values (E0) were obtained via the inflection point in the
normalized absorption edges. A Hanning window was applied to a selected k-range (2-11 Å-1) to
obtain the Fourier transformed extended XAFS (EXAFS) data. Using either the bulk ZnS or CdS
lattice as our fitting model, FEFF6 was used to calculate the photoelectron scattering path
amplitudes, Fi(k), and phase, (k), and the samples were fit to the EXAFS equation,
𝜒(𝑘) =

𝑁𝑖 𝑆𝑜2

𝐹 (𝑘)𝑒
2𝑘𝑅𝑖2 𝑖

−2𝑘2 𝜎𝑖2

sin[2𝑘𝑅𝑖 + 𝜙𝑖 (𝑘)]

(5.1)

which allowed for the extraction of pertinent information including the bond lengths (Ri) and the
EXAFS Debye-Waller factors (static disorders, i2).
FEFF9 was used for the theoretical simulations of the Zn K-edge XANES spectra. The
calculations used the full multiple scattering approach considering cluster radii ranging from 2.5
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to 5 Å, which corresponds to nearest neighbor up to next-next nearest neighbor scattering
contributions. For self-consistency, a 5 Å cluster was used and the effects of core hole was
considered using the final state rule.
5.3

Results and Discussion
To study the effect of different shell materials on the behavior of incorporated Mn dopants,

Mn:CdS/CdZnS(x)/ZnS(5-x) (x = 0, 1 and 2) core/multi-shell QDs were synthesized from the same
Mn:CdS core QDs with the same overall shell thickness (5 monolayers) using the SILAR method
(Figure 5.1a). The Mn:CdS QDs have an average size of 3.0 nm from TEM analysis as seen in
Figure 5.1b. After shell growth of total 5 MLs, the QDs were found to have the size of 5.6 ± 0.3
nm for the Mn:CdS/CdZnS(x)/ZnS(5-x) core/multi-shell QDs regardless of the thickness of the
CdZnS alloy interface (Figure 5.1c and Figure S5.1).
ICP-OES measurements indicate the Mn doping concentration (calculated as a ratio of
Mn/(Cd + Mn)) is 1.2% for Mn:CdS QDs. The Mn(II) doping will exhibit a Poisson distribution
within the QD ensemble, but on average represents ∼6 Mn(II) ions in a 3.0 nm Mn:CdS QD
distributed statistically between the core and surface of the QD. The Mn(II) concentration
decreases to ~0.6% after the addition of the pure ZnS shell and remains unchanged for the remained
of the core/shell samples. The sudden drop and be attributed to the detachment of the loosely bound
surface Mn(II), resulting in ~3 Mn(II) ions per QD. Interestingly the Mn:CdS/CdZnS(x)/ZnS(5-x) (x
= 1 and 2) samples showed a slightly higher Mn(II) concentration after shelling of ~0.9%, which
represents ~4 Mn(II) ions per QD. The increased doping concentration compared with that in pure
ZnS shell passivated Mn:CdS/ZnS core/shell QDs can be understood by the application of an initial
CdZnS alloyed shell with a lattice size more accommodating for the Mn(II) to assimilate into,
when comparing the pure ZnS lattice.9
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Figure 5.1 (a) Schematic of the Mn:CdS/CdZnS/ZnS core/shell/shell QD synthesis with inserted
CdZnS alloy shell. (b and c) TEM images of Mn:CdS core and Mn:CdS/CdZnS (1 ML)/ZnS(4 ML)
core/shell/shell QDs, where the scale bar represents 20 nm.
Powder X-ray diffraction (XRD) measurements revealed that the Mn:CdS core and
Mn:CdS/ZnS core/shell QDs possessed a cubic (zinc-blend) phase (Figure 5.2a). A gradual shift
from the CdS cubic phase to the ZnS cubic phase was observed as the shell thickness was increased
(Figure 2a). Interestingly the emergence of the a new wurtzite (hexagonal) phase can be seen upon
the addition of the CdZnS shell in Mn:CdS/CdZnS/ZnS core/multi-shell QDs, prior to the
preceding ZnS shell growth, as indicated by the newly formed peak at 45° (Figure 5.2b-5.2c). The
wurtzite phase is then passivated with cubic ZnS, evidenced by the reduction of the intensity of
the diffraction peak located at 45°. A dampening of the shift toward the ZnS cubic phase occurred
when the CdZnS shells were grown on top of the core QDs due to the intermediate lattice
parameters of the CdZnS, when compared to pure CdS or ZnS lattice, resulting in a smaller total
shift as the thickness of the CdZnS shell increased (Figure 5.2b, 5. 2c and 5.2d).
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Figure 5.2 (a-c) XRD patterns of Mn:CdS/CdZnS(x)/ZnS(5-x) core/multi-shell QDs where x = 0, 1,
2 respectively; (b) and the 2 theta value of the (111) defection peak of the QDs during shell growth.

Figure 5.3 (a-c) Cd K-edge XANES for Mn:CdS/CdZnS(x)/ZnS(5-x) (x = 0 – 2) QDs as a function
of CdZnS ML thickness; (d-f) Zn K-edge XANES for Mn:CdS/CdZnS(x)/ZnS(5-x) (x = 0 – 2) QDs
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as a function of CdZnS ML thickness; (g) Cd-S and Zn-S bond lengths as obtained from EXAFS
fits versus the thickness of shell in MLs.
To further probe the composition variation within the Mn:CdS/CdZnS(x)/ZnS(5-x)
core/multi-shell QDs, X-ray absorption fine structure (XAFS) measurements were conducted to
study the microscopic bonding parameters of the QDs. Both Cd-K-edge and Zn K-edge X-ray
absorption near edge structure (XANES) consistently decreases in intensity as a function of shell
thickness (Figure 5.3), suggesting the alloying of larger Cd atom with Zn ions. The fitting of the
extended XAFS (EXAFS) data indicates significant decreased Cd-S bond length in CdS/ZnS
core/shell QDs due to interfacial alloy during the ZnS shell passivation (Figure 5.3). Surprisingly,
less change in Cd-S bond length for CdS/CdZnS/ZnS core/multi-shell QDs, which might be due
to less Zn ions added in the QDs compared with one pure ZnS layer. In addition, the alloying
process is also temperature dependent, at relatively low temperature for thin shell growth (in the
cases of 1-2 MLs), the process of interfacial alloy formation might be very slow, even with the
addition of alloyed Cd/Zn solutions for CdZnS shell growth. However, the thickness of the CdZnS
alloyed shell between CdS core and ZnS shell can be control by the amount of Cd/Zn
solution/layers during the following shell passivation at higher temperature and longer growth
time. The Zn-S bond length shows the opposite trend with increased length as the function of shell
thickness indicating the alloying of larger Cd ions with the Zn ions. For 1 ML ZnS and CdZnS
shell coated QDs, the Zn content is too low to get reasonable Zn-K-edge intensity.
Figure 5.4a-5.4c displays the absorption (dotted lines) and photoluminescence (PL) (solid
lines) spectra of the Mn:CdS core, Mn:CdS/ZnS core/shell, and Mn:CdS/CdZnS/ZnS core/multishell QDs. The first exciton absorption peak for Mn:CdS core QDs is at 405 nm, which experiences
a slight redshift (~2 nm) upon the addition of the first ZnS ML onto the core QDs in Mn:CdS/ZnS
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core/shell QDs. The shift can be attributed to the delocalization of the core electrons into thin
CdZnS alloyed interface that is forming between the CdS core and the ZnS shell lattice in order to
reduce the surface strain for the epitaxial growth of ZnS shell. However, a significantly lager
redshift of the absorption peak is observed when intentionally growth of CdZnS layer directly on
Mn:CdS QDs in the Mn:CdS/CdZnS/ZnS core/shell/shell QDs. The first exciton peak of
Mn:CdS/CdZnS(1 ML) QDs shifts 20 nm after the growth of one CdZnS alloyed ML and remains
approximately at 425 nm for the remainder of the ZnS shell growth. The Mn:CdS/CdZnS(2
ML)/ZnS(3 ML)

initially shifts 20 nm after the growth of the first alloyed ML followed by an

additional 20 nm where the first exciton peak remained (445 nm) for the remainder of the shelling
(Figure 5.4a). The larger redshifts experienced by the core/multi-shell samples is due to the
increased delocalization of the core electrons to the CdZnS alloy shell as the alloy thickness was
increased.10
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Figure 5.4 (a-c) Normalized absorption (dotted lines) and PL (solid lines) spectra of
Mn:CdS/ZnS(0-5ML), Mn:CdS/CdZnS(0-1

ML)/ZnS(0-4 ML),

and Mn:CdS/CdZnS(0-2

ML)/ZnS(0-3 ML)

core/multi-shell QDs, respectively.
The Mn PL peak position was monitored and used as a pressure gauge which could be used
to determine the relative dopant migration distance within the core/shell and core multi-shell
QDs.11 The increased pressure on the dopants caused by the growth of the shell can affect the
crystal field splitting and ultimately the position of dopant PL. Dubertret et al. monitored the
effects of increased pressure on Mn(II) dopants within CdS/ZnS core/shell QDs, where the Mn(II)
was positioned at different depths of the ZnS shell. They found that the additional pressure, as a
result of the ZnS shell, slightly narrowed the crystal field splitting of the Mn(II) d-d transition
(from 4T1 to 6A1) causing a redshift in the Mn(II) emission.
In Mn:CdS/ZnS core/shell QDs, we found that dopant ion migration can reduce the
theoretically predicted redshift of the Mn(II) PL due to the “outward” movement of the dopants
resulting in less pressure being applied. The Mn PL of the core/shell QDs exhibit a rapid red-shift
(30 nm) followed by gradual plateauing during the shelling process. The core/multi-shell QDs
exhibit total red-shifts of 28.5 nm and 19 nm for the Mn:CdS/CdZnS(1
Mn:CdS/CdZnS(2

ML)/ZnS(3 ML),

ML)/ZnS(4 ML)

and

respectively. The decreased red-shift caused by the increased

CdZnS shell thickness indicating a decrease in total pressure on the dopants as the thickness of the
CdZnS shell increases, which can be attributed to the further dopant ion migration within the
core/multi-shell QDs. The increased CdZnS thickness can provides increased amount of viable
lattice sites further throughout the shell (towards the surface), in turn resulting in further ion
migration within the core/multi-shell system which ultimately reduces the final pressure on the Mn
once the fifth monolayer had been completed.
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A single broad emission peak centered at 575 nm is observed in the emission spectrum of
the Mn:CdS core QDs (Figure 5.4a-c). The broadness of the Mn(II) PL can be credited to the
presence of surface trap-states decay overlapping with the Mn(II) emission. Prior to the shelling,
the H-D coupling is strong as indicated by the single emission band. Upon the addition of the first
shell ML, an immediate narrowing of the Mn(II) PL to 75 and 85 nm for the ZnS and CdZnS ML
samples, respectively, was observed, indicating the successful surface passivation and surface trapstate elimination. After the growth of 5 MLs, the final CdS to Mn PL ratio for the Mn:CdS/ZnS
core/shell QDs reached 2.08 (Figure 5.43a). The changes in the PL ratio of CdS QDs and Mn can
be understood using eq. 5.2.5
𝐼𝑀𝑛
𝐼𝐶𝑑𝑆

=

𝑘𝐸𝑇
𝑄𝐷

𝑘𝑟

(5.2)

where IMn represents the intensity of the Mn(II) emission, IQD represents the PL intensity of the
QD, kET represents the relaxation rate of the energy transfer, and the krQD is the relaxation rate of
the host lattice. Assessing the core/shell sample, we find that the H-D coupling is weakened as the
distance between the core and dopant ion increases during ion migration. The resulting emission
has a much stronger CdS (host lattice) PL when compared to the Mn PL. A very similar trend is
observed in the Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) core/multi-shell QDs with a final CdS to Mn PL
ratio reaching 3.4. The elevated ratio can be attributed to the greater distance travelled by the
dopant ions in the presence of a thicker alloyed shell, which in turn lowers the H-D coupling. It
should be noted that the exciton can also delocalize in the alloyed shell in Mn:CdS/CdZnS/ZnS
core/multi-shell QDs. Therefore, the host-to-dopant PL ratio of Mn:CdS/CdZnS/ZnS core/multishell QDs with different CdZnS shell thickness doesn’t correlated with the migration distance,
even though the higher PL ratio for Mn:CdS/CdZnS/ZnS core/multi-shell QDs can be obtained
compared with Mn:CdS/ZnS core/shell QDs.
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Figure 5.5 (a) The Mn(II) PL peak position, (b) CdS PL peak position, (c) and the intensity ratio
of CdS PL and Mn(II) PL as a function of the number of total layers where 0, 1, 2 CdZnS ML core
shell samples are indicated by red, green, and blue markers respectively.
PL lifetime measurements showed that the average lifetime of the Mn:CdS/ZnS gradually
increased as the ZnS shells were grown on the QDs (Figure S5.9). Upon growth of the CdZnS
shells, only a slight increase in PL lifetime is observed for the Mn:CdS/CdZnS (1)/ZnS(4) and
Mn:CdS/CdZnS(2)/ZnS(3) core/multi-shell QDs, followed by a similar gradual increase as observed
in the core/shell system. The delayed Mn PL lifetime increase can be explained by the presence of
additional surface defects during the CdZnS shelling stages.
5.4

Conclusion
Recent discovery of dopant migration inside core/shell QDs provide a new way to fine tune

the properties of doped QDs. It is believed that dopant migration within QDs can be induced by
the availability of cationic sizes with smaller cationic size mismatch between dopant and original
doping sites. In this work, we show that the Mn dopant migration can be further controlled by
intentionally inserted alloyed shells (CdZnS) with less size mismatch with dopant in
Mn:CdS/CdZnS(2)/ZnS(3) core/multi-shell QDs. The inserted alloyed shells (CdZnS) can served as
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an atomic trap to the dopant ions. The dopant migration distance and the final dopant depth can be
fine turned by the thickness of the alloyed shell.
5.5

Supporting Information

Figure S5.1 TEM and size distribution charts of (a and d) Mn:CdS/ZnS (5 ML), (b and e)
Mn:CdS/CdZnS(1)/ZnS(4), and (c and f) Mn:CdS/CdZnS(2)/ZnS(3) core/shell QDs.
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Figure S5.2 (a) Zn K-edge k2-weighted EXAFS of Mn:CdS/ZnS core/shell QDs as a function of
shell thickness; Fourier transformed EXAFS for the (b) 2 ML and (c) 5 ML samples.
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Figure S5.3 (a) Zn K-edge k2-weighted EXAFS of Mn:CdS/CdZnS(1 ML)ZnS(4) core/shell QDs as
a function of shell thickness; Fourier transformed EXAFS for the (b) 2 ML and (c) 5 ML samples.
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Figure S5.4 (a) Zn K-edge k2-weighted EXAFS of Mn:CdS/CdZnS(2 ML)ZnS(3) core/shell QDs as
a function of shell thickness; Fourier transformed EXAFS for the (b) 3 ML and (c) 5 ML samples.
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Figure S5.5 (a) Cd K-edge k2-weighted EXAFS of Mn:CdS/ZnS core/shell QDs as a function of
shell thickness; Fourier transformed EXAFS for the (b) 1 ML and (c) 5 ML samples.
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Figure S5.6 (a) Cd K-edge k2-weighted EXAFS of Mn:CdS/CdZnS(1 ML)ZnS(4) core/shell QDs as
a function of shell thickness; Fourier transformed EXAFS for the (b) 1 ML and (c) 5 ML samples.
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Figure S5.7 (a) Cd K-edge k2-weighted EXAFS of Mn:CdS/CdZnS(2 ML)ZnS(3) core/shell QDs as
a function of shell thickness; Fourier transformed EXAFS for the (b) 3 ML and (c) 5 ML samples.
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Figure S5.8 Room temperature X-band EPR spectra of (a, b) Mn:CdS/CdZnS(x)/ZnS(5-x) core/shell
QDs where x = 1, 2 respectively.
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Figure S5.9 Mn(II) PL decay kinetics of (a, b) Mn:CdS/CdZnS(x)/ZnS(5-x) core/shell QDs where x
= 1, 2 respectively. For all curves, the y-axis was in logarithm, and the peak counts were fixed as
5000. All curves were fitted using triple-exponential kinetics.

Table S5.1 The fitted lifetime of Mn emission of Mn:CdS and Mn:CdS/ CdZnS(1)/ZnS(4) core/shell
QDs.
Sample

τ1

B1

τ2

B2

τ3

B3

< τ>

Core

2.26E-06

5.49E+04

1.63E-05

1.51E+03

1.69E-03

2.69E+01

3.98E-04

1 ML

2.44E-06

4.76E+04

2.86E-05

7.99E+02

1.55E-03

7.58E+01

7.17E-04

2 ML

3.23E-06

3.11E+04

3.10E-04

1.82E+02

2.62E-03

1.36E+02

1.86E-03

3 ML

3.36E-06

3.36E+04

4.96E-04

1.86E+02

3.38E-03

2.23E+02

2.70E-03

4 ML

3.63E-06

3.02E+04

5.50E-04

1.73E+02

3.77E-03

2.75E+02

3.19E-03

5 ML

3.99E-06

3.05E+04

6.78E-04

1.74E+02

4.08E-03

3.14E+02

3.49E-03
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Table S5.2 The fitted lifetime of Mn emission of Mn:CdS and Mn:CdS/ CdZnS(2)/ZnS(3) core/shell
QDs.
Sample

τ1

B1

τ2

B2

τ3

B3

< τ>

Core

2.26E-06

5.49E+04

1.63E-05

1.51E+03

1.69E-03

2.69E+01

3.98E-04

1 ML

2.53E-06

4.53E+04

3.10E-05

7.01E+02

1.58E-03

7.66E+01

7.43E-04

2 ML

3.26E-06

3.20E+04

5.57E-05

5.68E+02

1.36E-03

5.69E+01

5.05E-04

3 ML

3.64E-06

3.32E+04

1.86E-04

2.85E+02

2.17E-03

1.06E+02

1.26E-03

4 ML

4.10E-06

3.03E+04

3.00E-04

2.88E+02

2.66E-03

1.56E+02

1.81E-03

5 ML

1.25E-05

2.78E+03

5.02E-04

2.03E+02

2.97E-03

1.57E+02

2.39E-03
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Chapter 6
Conclusions and Future Outlook
6.1 Summary of Work
This dissertation highlights my work involving the discovery and monitoring of dopant
migration behavior within core/shell NCs. Chapter 1 provides a brief overview of the previous
research that has been done in the development of novel doped and undoped nanomaterials as well
as the various dopant behaviors that can arise when sufficient thermal energy is applied to the
system. In Chapter 2, we first investigated the formation of a cation alloyed interface with a smaller
cationic size mismatch with dopant as a driving force, inducing outward dopant migration from
the core lattice to core/shell interface of CdS/ZnS QDs. The energy transfer efficiency between the
host lattice and the dopant ions was found to be location dependent, allowing us to track the dopant
location/movement using optical spectroscopy. It was found that through the incorporation of an
additional “barrier layer” in the core/shell interface, dopant migration can be effectively
suppressed. Knowing that dopant migration and diffusivity can be roughly described by Arrhenius
equation, dopant migration rates were further controlled by increasing or decreasing the thermal
energy introduced into the system during shell passivation.
In Chapter 3, we investigated the dopant migration patterns within core/shell NWs. We
first developed a method to synthesize Mn:ZnSe NWs and Mn:ZnSe based core/shell NWs with
specific compositions and band alignments. It was found that, similar to doped QDs, when a cation
alloyed interface is grown on top of the host core NWs (Mn:ZnSe/CdS/ZnS) dopant migration was
induced due to the formation of an accommodating lattice environment with a similar cationic size
for the dopant ions. The effects of an anion alloyed interface within Mn:ZnSe/ZnS type I core/shell
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NWs was additionally tested. However, it was found that anion alloyed interface have little impact
on the dopant position during the shelling reaction since Mn dopants substitute cation sites.
In order to more precisely control and monitor dopant migration patterns within core/shell
QDs, a SSSP method was adapted where both the shell growth and diffusion rate could be
monitored over time and a wide temperature range. In chapter 4, it was found that at temperatures
below a boundary T (Tb), Mn:CdS/ZnS core/shell QDs were formed with an alloyed interface,
which can attract Mn dopant outward migration, thus lowering the host – dopant coupling and
tuning the PL spectrum from a vibrant orange to a pink color. Once the Tb was crossed (~200 °C)
global alloying occurred within the QDs forming a Mn:Cd1-xZnxS structure without a distinct
core/shell structure. The global alloying allows for the host excitons to delocalize throughout the
QD which in turn increases the host – dopant coupling changing the PL of the QD back to its
original orange color (i.e. increased Mn PL). Three distinct dopant behaviors were detected during
the shelling reaction including, I) initial surface dopant replacement; II) dopant migration/diffusion
(T < Tb); and III) dopant ejection (T > Tb). The temperature – dependent dopant behaviors provided
more insight and control over the host – dopant coupling and dopant arrangement within the QDs
which in turn continuously tuned the properties of the core/shell QDs.
Lastly in chapter 5, the ability to control the dopant depth through the insertion of an atomic
trap (i.e. CdZnS shell layers) was tested. Doped CdS/ZnS core/shell QDs and Mn:CdS/CdZnS (x
ML)/ZnS(5-x ML)

core/multi-shell QDs were tested and found to increase the dopant distance with an

increase in CdZnS shell layers. The shifts in the Mn PL indicate that less pressure is being placed
on the dopant ions within the Mn:CdS/CdZnS(2

ML)/ZnS(3 ML)

QDs, when compared to the

Mn:CdS/ZnS and Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) QDs, which can be attributed to the extension of
the viable CdZnS lattice sites within the core/shell allowing the dopant ions to migrate further into
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the core/multi-shell lattice. Precise control of the QD composition and alloyed interface thickness
allows for a fine tuning of the dopant migration distance and the final dopant depth.
6.2

Future Research Directions of Dopant behaviors inside NCs

6.2.1 Further Exploration of Current Developed Doped Systems
Although all of our current research on Mn doped core/shell NCs demonstrates that dopant
migration/diffusion towards and alloyed interface is the cause for the changes in the properties of
said NCs, all of the obtained data (optical spectroscopy, XAFS, EPR, XRD) can only provide
indirect evidence of dopant locations limiting the complete validity of our claims. A large piece of
information that is missing is the direct observation of the dopant location and migration. It is
known that electron energy loss spectroscopy (EELS), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), or soft X-ray laser ablation can be employed
to directly image and elemental compositions of single particles which could allow for the
observation of dopant migration. We have previously attempted obtain these images with little
resolve due to the small size of our core and core/shell QDs and low doping concentrations. In
order to combat this, we plan to increase both the original host QD size and dopant concentrations
which should allow for the observation of dopant migration and provide the direct evidence needed
to verify our previous claims.
While the current model of cationic size mismatch can perfectly explain the experimental
data such as tunable dual band PL spectra in doped NCs due to dopant migration, other effects
might also play roles for transition metal ion dopant movements inside NC lattice. For example,
hard soft acid base theory (HSAB) theory states that hard Lewis acids tend to react/bind more
favorably with hard Lewis bases whereas soft Lewis acids react readily with soft Lewis bases. A
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“hard” element or compound refers to a species that is small, high charge state, and weakly
polarizable, whereas “soft” elements or compounds are the opposite. Within our system
(Mn:CdS/ZnS), Cd and Zn are soft acids, S is a soft base, and Mn is an intermediately hard acid.
To this effects both the Cd and Zn ions are more favorably bound to the S ions within the core/shell
structure than the Mn ions, making it one of the reasons doping II – VI QDs have been so
challenging. We would like to test the HSAB chemistry on dopant migration and see how it
competes with our alloyed driven migration mechanism. In theory, if Mn:CdS core QDs were
shelled with a species containing a softer base, such as ZnSe, the Mn to Se interactions would be
far less favorable and could possibly dampen the migration rate/distance. As observed in chapter
3 when Mn:ZnSe NWs are passivated with CdS, forming an alloyed interface, dopant migration
was induced which we attributed to the more accommodating cation sites at the alloyed interface,
but part of the driving for could have been due to the Mn attraction to the slightly harder S ions
within the CdS. We hypothesize that HSAB chemistry can affect the migration rate, but the
ultimately will not prevent dopant migration from occurring if a cation alloyed interface is present.
We plan to test our hypothesis by synthesizing core/shell systems, where HSAB chemistry would
theoretically limit dopant migration, such as Mn:CdSe/ZnSe and Mn:CdS/ZnSe, and monitor the
dopant migration rate/distance and determine whether or not it plays a large role in the dopant
diffusion.
6.2.2 Cu+/2+ Doping
Looking forward, there is still much research that needs to be done on dopant migration
studies within nanocrystals. We are currently exploring the use of different transition metal ion
dopants to see the difference in diffusion potentials between ions of different sizes. We believe
that incorporation of a dopant with a smaller radius, such as Cu+/2+, will lead to interesting
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migration rates/distances. Various synthetic methods have previously been established to create
Cu+/2+ doped nanocrystals, whether it be during nucleation1-3 or further growth4 of the nanocrystal,
that would enable our group to monitor Cu+/2+ diffusion potential during shelling. Cu+/2+ doping
was previously attempted in our lab using the same synthesis conditions summarized in chapter II
of this thesis, where the Mn(NO3)2 was swapped with Cu(NO3)2 with no observable Cu emission
being observed even after shelling. We then looked to replicate the work by Gamelin et al. to
synthesize Cu:CdSe QDs using a one pot method,3 however due to the limitations of our
florescence scan range, we were unable to monitor the Cu emission peak during shelling.
Once synthesized as well as a new near IR detector equipped (in the near future), we believe
that Cu+/2+ will possess unique migration patterns when compared to the previously monitored
Mn2+ ions since Cu+/2+ is a highly mobile cation with high diffusion rates. The increased diffusivity
could result in further ion migration using SILAR shelling and complete dopant diffusion a T > Tb
using SSSP method. In addition, Cu+/2+, having a closer atomic radius size to that of Zn2+, might
be more inclined to migrate slightly further through the Cd1-xZnxS alloyed interface, where it
becomes Zn – rich and have a more ideal lattice site for the Cu2+ ions. The enhanced migration,
induced by the diffusivity and cation size of Cu+/2+, could lead to a decreased energy transfer
efficiency which can be monitored using optical spectroscopy.
6.2.3 Dual – Doping Nanocrystals with Mn2+ and Cu+/2+
Another area of interest in our group is the fabrication of dual – doped nanocrystals in order
to achieve more dynamic optical and electronic properties. Through the incorporation of Mn2+ and
Cu+/2+ into a nanocrystal that has a nanocrystal with a bandgap of ~3.10 eV (i.e. CdS or ZnSe),
white light emission can be achieved.5,6 Alongside white light emission, dual – dopant migration
would lead to highly tunable tri – emission (host, Cu+/2+, and Mn2+ emission) that can be controlled
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based on the dopant location within the nanocrystal. Many challenges/factors are involved when
incorporating two dopant ions into a lattice, whether it be the reactivity of the dopant ions,
oxidation state of dopant ions, or the ability to accurately or evenly distribute the dopant ions
across the nanocrystal. Utilizing the synthetic approach for nucleation doping within CdS QDs, as
seen in chapters 2, 4, and 5, I have attempted to introduce Cu+/2+ in the form of Cu(NO3)2 with no
resolve. The resulting QDs did not exhibit a Cu emission, even after surface passivation, indicating
a failure to incorporate Cu+/2+ into the lattice. Furthermore, I attempted to dual – dope CdS QDs
with Mn2+ and Cu+/2+ and the resulting QDs decomposed during shell passivation treatments (both
SILAR and SSSP methods), indicating a strong competitive binding between the Cu, Mn, and Cd
ions with the sulfur precursor in solution, resulting in the formation of low quality nanocrystals.
With the current synthetic approaches proving inadequate, various reaction parameters (cation
reactivity, reaction ligands, and reaction temperatures) must be altered in order to achieve stable
dual – doped QDs with uniform dopant dispersion. Various synthetic methods have been used to
achieve dual doping whether it be nucleation, growth, or a culmination of the two which we can
further adapt in order to study the migration behavior of the dopant ions.5,6,7
Eychmüller et al. were able to achieve Cu/Mn:ZnSe with a white light emission and PLQY
of 17%. In order to introduce both dopants into the system, both nucleation and growth doping
strategies were employed.7 First MnSe nanoclusters were synthesized and were further over coated
with ZnSe. Cu+/2+ was then injected into the solution and allowed to bind to the surface of the ZnSe
followed by more ZnSe growth to encapsulate the Cu+/2+ ions into the lattice. This method,
although successful, limits the potential to accurately monitor the effects of dopant migration on
this system due to the no uniformity in the dopant distributions. Moreover, it was shown that the
Cu+/2+ has the ability to radiatively recombine with excitons that were trapped at surface trap states
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producing a Cu+/2+ emission, which in turn would make calculating the energy transfer efficiency
difficult due to Mn2+ ineffectiveness to do so as well.
Another factor to take into account when attempting to dual – dope a semiconductor system
is the competitive radiative recombination pathways present within the bandgap of the host
nanocrystal. Pradhan et al. utilized a similar nucleation/growth doping strategy achieve Mn 2+ and
Cu+/2+ dual doped ZnS and ZnSe QDs. After alloying the ZnSe QDs with Se ions, to form ZnSe1xSx,

and the ZnS QDs with Cd, to form Zn1-xCdxS, tunable optical emissions where predominately

a single dopant emission was observed throughout the growth process.8 The dopant emissions were
found to “switch on” and off depending on the bandgap of the host nanocrystal that is
widening/narrowing during the alloying reactions. Since the Mn2+ d – transition states are
relatively unaffected by the change in host lattice size, and thereby the bandgap size, the ability
for host exictons to transfer their energy to the Mn2+ is dependent on the Mn2+ energy levels
remaining inside the bandgap of the host lattice. Whereas, Cu+/2+, being heavily influenced by the
bandgap of the host lattice, can recombine with the host excitons at bandgap sizes that are too
small to include the Mn2+recombination pathway. This being said, allowed for a selective dopant
emission process between two dopants solely based on the bandgap of the host lattice, with no
effect from the dopant location within the QDs.
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Figure 6.1 (a) PL spectra of Mn-doped ZnSe and at different stages (panels I–IV) after introduction
of Cu and alloying with S. (b) PL spectra of Cu-doped ZnS and at different stages after introduction
of Mn and alloying with Cd. Column between panels a and b shows the schematic presentation of
the formation of dual-doped nanocrystals at different stages of the reaction. (c,d) UV–visible
spectra corresponding to the PL spectra presented in panels a and b. Excitation wavelength for ZnS
and ZnSe remained 320 and 365 nm, respectively.8
Figure 6.1b is particularly interesting where the Cu emission is initially present in the
Cu:ZnS followed by a sole Mn2+ emission upon growth doping of Mn2+ on the surface of the QD
and finally back to a tunable Cu+/2+ emission during the alloying process. The conclusion that
Pradhan et al. gathered from this reaction is that the bandgap of the host nanocrystal continuously
changes during the reaction steps, allowing the different dopant recombination pathways to
dominate, based on where their energy levels are within said bandgap. We hypothesize that dopant
migration could also play a role in the energy transfer efficiencies of these QDs which can be
monitored using optical spectroscopy. During the alloying of the ZnS host QDs, a ~2 nm growth

198

is observed, and it is believed that instead of forming a perfect global alloy, a gradient core/shell
structure us formed, where the core is Zn – rich and the shell is Cd – rich with a large alloyed
interface between the two. The Zn1-xCdxS alloyed interface would provide a more
thermodynamically favorable lattice site for the Mn2+ ions and initiate a dopant towards the
exterior of the QD. The migration would lower the proximity of the Mn2+ ions to the core and
effectively lower the host – to – dopant energy transfer, making the Mn2+ emission unobservable.
The Cu+/2+ ions on the other hand, will likely remain localized to the core Zn – rich lattice, due to
their similar cation sizes, and remain strongly coupled allowing for the excitons to recombine with
the Cu+/2+ d – state, prompting a strong Cu+/2+ emission. Since the Mn ion concentration remain
relatively the same throughout the entire alloying process, dopant ejection has not occurred, due
to the low temperatures of the alloying reaction. We believe that if the system was further
passivated with a type – I shell (i.e. ZnS), the Mn emission will re – immerge and the QDs will
have a highly tunable dual band emission, similar to that in Figure 6.1a (II).
We are looking to further improve the aforementioned synthesis where both dopant ions
are even distributed throughout the nanocrystals through a dual – doped nucleation growth method
where both dopants are introduced during nucleation. This synthesis approach would ensure that
the dopant ions are both located all throughout the nanocrystal and any changes in the energy
transfer efficiency can be tracked and stemming from as a certain migration distance or direction.
The dopant position can be tracked using optical spectroscopy paired with EPR and XAFS. In
order to limit complications/difficulties in calculating energy transfer efficiencies during within
the nanocrystal, we plan to passivate the surface of the host nanocrystal with a type – I band
alignment shell to minimize the surface trap states present and subsequent energy transfer to the
Cu+/2+ energy level. Therefore, any changes in the optical properties of the nanocrystal will be a
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result of ion migration. In this system, we believe that the Mn2+ will behave similarly to the solely
Mn:CdS QDs as mentioned in Chapter 2, where the Mn emission can act as an “optical gauge”
depending on the pressure applied to it during the shelling reaction. Cu+/2+ will have to be tracked
using its emission red- or blue – shifts, not from a change in pressure, but from a change in the
host band gap that it migrates towards. If the Cu+/2+ follows a similar path as the Mn2+ and migrates
towards the allowed interface at a type – I heterojunction, then it will be moving into a wider
bandgap lattice and result in a blue – shift.
We hypothesize that each dopants size and diffusivity will play a large role in the final
dopant position and subsequent energy transfer efficiencies between the host lattice and the dopant
ions. Mn2+ ions have already demonstrated their potential to migrate slowly towards a cation
alloyed interface within core/shell NCs, but it is believed that the high diffusivity and similar cation
sizes between that of Cu+/2+ and Zn2+ will result in significantly fast migration and ultimately a
larger change in the Cu+/2+ PL.
6.2.4 Cation Exchange and Doping Migration
Cation exchange has become a popular method to grow nanocrystal structures that were
previously unobtainable due to their synthetic limitations. Cation exchange involves the
replacement of host cations with a different cation with higher chemical activity. The resulting
nanocrystal retains the size, shape, and crystal phase of the host nanocrystal. Cation exchange has
also been shown to be an effective method to introduce a small atomic percent of dopant ions into
a host lattice. The concentration and depth of dopant ions that are incorporated into the host lattice
has been found to be dependent on the amount of dopant ions injected into the cation exchange
reaction and the temperature at which the reaction takes place.
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Pradhan et al. was able to introduce Cu+/2+ ions into ZnSe QDs during Cd cation exchange.
The cation exchange process allowed for the continuous tuning of the host bandgap, which in turn
altered the emission wavelength of the Cu+/2+ emission.9 More interestingly, Cu+/2+ concentrations
were found to increase during the initial stages of the cation exchange, with a maximum dopant
concentration occurring when the Zn to Cd ratio was ~40%, followed by a sharp decrease in dopant
concentration when the cation exchange was complete. The subsequent lattice incorporation and
ejection was attributed to the changes in lattice size during the reaction. As the cation are initially
exchanged, the lattice slightly expands to accommodate the larger Cd ions, creating a favorable
position for the Cu+/2+ ions. When the Cd has completely exchanged the Zn ions in the lattice, the
lattice size continues to expand, surpassing that of which can accommodate the Cu+/2+ ions, causing
the dopants to move to the surface or eject from the lattice completely.

Figure 6.2 Schematic of doping Cu ions into ZnSe nanocrystals during Cd cation exchange.9
Demir et al. further studies the effects of partial cation exchange doping in CdSe
nanoplatelets.10 Utilizing a traditional cation exchange process undoped CdSe nanoplatelets were
mixed with low concentrations of Cu+/2+ precursors (mixed with tri-n-octylphosphine to mediate
the exchange rate) and allowed several days to exchange and allow for lattice incorporation. They
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found that dopant incorporation was a two – step process, where the Cu+/2+ ions first bind to the
surface or occupy interstitial sites within the host lattice and then they substitute into cation sites
and can radiatively recombine with the host excitons (Figure 6.3).

Figure 6.3 (a) Copper doping through partial cation exchange reaction by using copper-acetate
and copper-nitrate precursors. (b) UV−visible absorption and normalized photoluminescence
spectra and (c) room temperature time-resolved fluorescence decay curves for undoped and 0.9%
Cu-doped 4 ML CdSe NPLs synthesized using copper-acetate and copper-nitrate precursors. Inset
in (b) shows the 10 times magnified view of weak defect emission for the case of undoped NPLs.10
Cation exchange presents a unique opportunity to achieve uniformly doped nanocrystals
that have proven difficult to previously synthesize. As previously mentioned, the incorporation of
both Mn2+ and Cu+/2+ ions into CdS QDs, utilizing the synthesis protocol covered in Chapters 2, 4,
and 5 of this thesis has led to the degradation of the host nanocrystal. Cation exchange reactions
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could allow for the formation of highly stable CdS core QDs, which can then be introduced to both
Cu+/2+ ions and Mn2+ ions, to achieve either a singular doped or dual – doped nanocrystal. The
cation ion exchange rates can be precisely monitored and the dopant concentrations can be easily
controlled. Once exchanged and incorporated into the host lattice, the core QDs can then be
shelled, to increase fluorescence and induce dopant migration.
Utilizing cation exchange doping, we will be able to observe the mechanisms throughout
the exchange period as well as identify the driving forces that allow the dopant incorporation to be
possible. The cation exchange rate and dopant depth can be monitored during the reaction and
compared to our previously observed dopant migration within a similar nanomaterial. The effects
of nanomaterial structure (i.e. core, core/shell, alloy) on cation exchange rate can be monitored
and result in useful insight into the exchange mechanism.
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